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TO M. HESSABEY
(ABSTRACT)
Studies of Some Alkali Halide Crystals by 
Transmission Electron Microscopy.
A new technique has been developed for producing 
mono-crystalline foils of some alkali halides for transmission 
electron microscopy. The formation mechanism of the crystals 
has been Investigated. The foils, which have two free faces 
have been used as electron transparent substrates to grow 
epitaxial films of gold, on one or both surfaces of the 
substrates.
It has been shown that by covering the above foils with 
a thin layer of another alkali halidej ' bending contours[ 
suitable for measuring the thickness of the foils, are 
produced.
A chamber has been designed and constructed for transporting 
the specimen from the preparation vacuum system Into the 
electron microscope without exposing It to the atmosphere.
The variation of pressure Inside the chamber has been measured 
and some possible modifications have been suggested. The 
device has been used to study the nucléation and growth 
from the vapour phase of LIE, NaE, NaCl, KCl, KB%$, KI and 
Rbl^ on electron transparent substrates of mica and potassium 
chloride. The crystallographlc and atomic orientations of 
the above materials with respect to atomic arrangement of 
the substrates have been studied. It has been shown that 
the alkali halides form continuous films at average thicknesses 
below 2 .5  iiDi on substrates of mica and KCl. The effect 
of the heat treatment during and after growth of the films 
has been studied. The effects of atmospheric moisture 
on the overgrowths have been studied In detail, and It has 
been shown that there are some similarities between the effects
of atmospheric moisture and the heat treatment on the 
hygroscopic alkali halides.
It has been shown that when thin deposits of NaCl 
on the substrate of KCl are heated, diffusion or re-evaporation 
of the deposit does not occur randomly. The consequent 
possibility of the existence of periodic defect sites has 
been discussed. From a general consideration of the results 
it is concluded that
(a) Chemical interactions are a dominant factor in the 
epitaxial growth of alkali halides on mica and KCl.
(b) The &lkall halides deposited from vapour consist of 
flat crystallites at the earliest stages of growth at 
room temperature.
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CHAPTER ONE 
A Brief Review of Epitaxial Film Growth
I. Introduction
The word "epitaxy” was first introduced by Royer (1928) 
to specify the oriented overgrowth of a crystalline deposit 
on a single crystal substrate. At that time x-ray crystallography 
and optical microscopy were the principal techniques used for 
the study of epitaxy. Although the electron diffraction 
technique was then available It was not widely used mainly 
because the provision of high vacuum which Is particularly 
necessary for low energy electron diffraction (LEED), was not 
available. But the potential usefulness of the electron 
diffraction technique was so attractive that high energy electron 
diffraction (HEED), which could be used in relatively poor 
vacuum, (10” bar), was used Increasingly. The application of 
transmission electron microscopy (TEM) to the studies of 
thin films around 1955 opened a new era. The transmission 
electron microscope made it possible to observe directly the 
controversial three dimensional nuclei which had been suggested 
by some workers, after H-FED studies on films. It also 
provided a vast amount of information about the size, shape, 
distribution density, substrate coverage, and grain boundaries 
of the three dimensional crystallites, which gave hirih to 
the atomistic theories of nucléation.
The advances in vacuum techniques during the 1960’s, which 
rendered ultra high vacua readily available, provided a major 
step forward in the studies of thin films*Dn the one hand it 
had been realized that the reproducible films could only be 
produced in clean conditions; therefore high vacuum was
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essential, and on the other hand quantitative information about
the surface of the substrates, residual gases, and contamination
were necessary in establishing the effects of these factors on
nucléation and growth. Techniques such as LEED, mass
spectroscopy (MS) Auger electron spectroscopy lAES) which could
provide such information can only work satisfactorily in high
vacuum. Nowadays there are many techniques which are widely
used in the studies of the film growth which need high vacuum.
Each technique has advantages and disadvantages which sometimes
depend on the nature of the substrate and of the overgrowth.
The principles and the potential uses of these techniques have
d  2 q)been reviewed by several workers ’ .
II. The modes of growth and dominant factors in epitaxy.
From the earliest days workers .in the field of epitaxy,
have been concerned with two main problems:
(a) The mechanism of the formation/ and the growth of the film, 
the mode of growth.
(b) The factor or factors inducing epitaxial growth.
Until 1950 only one mode was conceived for the growth of
the film., and that had been proposed by Finch and Quarrellin 
19 30. According to this mechanism the growth of a film occurs 
layer by layer and the lattice spacings of the early layers 
vary in order to match with the lattice of the substrate, therefore 
for several layers near the substrate surface there is no fixed 
lattice parameter. This effect was termed pseudomorphism.
In 1 9 4 9, Frank and Van der Merwe^^^, introduced the idea of 
misfit dislocations (MDS), into the pseudomorphism model to 
■provide a hypothesis for epitaxy (the Frank-Van der Merwe model).
In the 19 5 0's numerous w o r k s s h o w e d  that many films grow
by forming three dimensional nuclei in the early stages, and
the continuity is only achieved when the isolated nuclei coalesce,
(2 )This mode of growth is called the Volmer-Weber mode . Another
(2 )mode of growth is the Stranski-Krastjnov mode^ . In this mode
the film first grows in the F-Vd.M mode, then three dimensional
crystallites are formed on the continuous film.,
The mode of growth is determined by the surface and
interface energies of the film and substrate. When the surface
energy of the film material is high compared with that of
substrate, three dimensional nuclei are formed, in the Volmer-
Weber mode. Conversely for a low surface energy film and a
high surface energy substrate, the other two modes occur. The
Stranski-Krastlnov mode happens when the strain energy in the
film is large compared with the surface energy of the film.
Bauer and Poppa (1972) studied the growth of Ait and Ag
on different substrates (LiF, MgO, NaCl,KCl, PbB, PbTe, Si,
( 2 ')Cu and W) and observed the three described modes . For
example, according to these authors, an Ag film on the 
substrates of LiF, W, and Si (Ag/LiF(100), Ag/W(110) and
Ag/Si(lll)) grows- in the Volmer-Weber, Frank-Van der Merwe
and Stranski-Krasthnov modes respectively. Also, Honjo and 
his coworkers made in situ observation at very high vacuum,
10”^^ - 1 0”^^ bar,(^), and demonstrated many examples of the 
Volmer-Weber and Frank-Van der Merwe modes. High resolution 
EM has thus played a leading part in establishing the existence 
of these modes of growth, but the underlying mechanism or 
mechanisms of epitaxy are still the subject of some controversy.
In the early days of the studies of epitaxy, Royer (I928) 
suggested, on the basis of experimental results, that epitaxy 
occurs only if the misfit is not more than 15%. (The misfit
is defined as 100(b-a)/a where a and b are the corresponding
network spacings in the substrate and overgrowth, respectively).
Although later numerous examples showed that epitaxy with
*
quite large misfits was possible , the geometrical approach 
was so attractive that many workers devised various models 
to interpret the epitaxial growth of materials with large 
misfit by the concept of the low misfit requirement. Among 
these models the idea of pseudomorphism received considerable 
attention. Recently Honjo and T a k a y a n a g i ^ i n  a series of 
in situ experiments, have observed the pseudomorphic layers 
in the deposit-substrate systems of noble metals (Au, Ag, Pd), 
and Pb^, PbSe, PbTe... . According to these authors, in the 
latter systems the misfit dislocations (MDS) - appear in complete 
agreement with the Frank-Van der Merwe model.
The pseudomorphism model was app)lie.d bydttP^pJ,^^ to ■ 
explain the epitaxy in the Volmer-Weher mode. But a series 
of in situ experiments which have been carried out for this 
purpose, with high resolution TEM, have not shown pseudomorphism 
or
In their recent works t  Takayangi K. Yagi and G. Honjo 
have studied the nucléation and growth of a number of different 
materials on MgO. The experiments were carried out in very 
clean conditions. The substrate was produced inside the 
microscope by electron ^ flashing technique^^^^ and the 
deposition and observation made at pressures less than lO”^^ bar. 
Their results show a connection between the lattice spacings 
of the overgrowth and the substrate, and the orientation of
* For instance Schulz reported epitaxial growth of LiF on 
KB r and Csl on LiF with -39% and +90% misfits respectively^^’
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the overgrowth. They concluded that for the systems of deposit- 
substrate which have lattice parameter ratio, ' p = g,
(d, deposit; s, substi^ &^ i;) near to 1, the parallel, P, 
orientation occurs, that is, (00! [^l0(^  d//(001) [lOO] s . For 
systems with p near / 2 the (001)|ll^d//(001)[l00)s 
orientation, R, is dominant and so on. Although their results 
generally agree with their suggested rules, there are some 
points which merit comment:
(a) According to their results on alkali halides^up to p = 1.42,
that is^ up to NaBr, only P orientation has been observed,
while only for Li I, which has p 1.4], does the R
orientation solely occur. Then up to p = 1.54, the P
orientation appears again but the R orientation is
dominant. For KBr, with p =1.575 again the P orientation
has been observed. Thus we see that alkali halides have
*
a strong tendency towards the P orientation .
(b) Honjo ascribes the lack of correlation with lattice fit, 
in cases of epitaxial orientation, to experimental 
contamination of the alkali halide substrate surfaces, i.e.. 
the epitaxial growth of alkali halide deposits on alkali 
halide substrates with P orientation for a wide range
of misfit is due to contamination. It is very difficult 
to accept that the contamination is so effective that it 
changes all geometrically favourable orientationfto parallel 
orientation onlyI Furthermore, the studies of several 
alkali halide deposits on K Cl substrates in the present 
work, under much cleaner conditions, show only P 
orientation.
* The situation is not better for other materials.
(c) Although the b.c.c. lattices of iron and chromium are 
practically identical, with lattice parameters of 0.2886 
and 0 .2 3 7 5 nm, respectively, their orientations on the 
substrates of NaCl are not the same. The iron appears 
in three orientations, namely:
(R) (OODpOOj d//(001) [11Q]s
(P) (001)[l00]d//(001)[l00]s
(S) (111) fL123d//(001) [llo]s,
While the chromium deposits appear only witn the R 
orientation. V.G. Pynko and E.Z.R. Lyudvik, in a number of
experiments on the vacuum cleay_ed r ock salt, under clean
(12)conditions, have confirmed the earlier results . These
authors have reasoned that the difference in the orientations
is due to the difference between the heats of formation of
-1FeCl2 and FeCl^, - 15*3 KCalmol , on the one hand and 
the heats of the formation of CrCl2 and CrCl^, - 40.1 KCalmol” ,^ 
on the other hand. In the first case formation of FeCl2 and 
FeCl^ leads to three different orientations while in the 
second case mainly CrCl^ is formed, which leads to single 
orientation. Therefore it seems the chemical reactions which 
Hon jo has disputed have a major role to play.
Also one should note that any chemical reaction that leads 
to epitaxy necessarily occurs at definite sites which form 
a network on the surface of the substrate. In many cases such 
a network may end up with an orientation which is consistent 
with the geometrical approach. There are also numerous reports 
which show that irradiation of the substrate before or during 
the deposition by electron,ion,or'^-rays improves the epitaxy 
considerably This may indicate that chemical reactions
are an important factor in epitaxy.
Another hypothesis for explaining epitaxy is put forward
by G.I. Distler. He believes that in the substrate crystal
there is a lattice of point defects which produces
electrical microfields. These microfields, which have rather
long ranges - up to 150 nm, are supposed to be responsible
for epitaxy. In several papers he gives experimental evidence
in support of his idea. For example, he has grown lead sulphide
epitaxially on a NaCl substrate covered with a carbon film
15 Nm thick^^^). In another work he has shown that when
a .triglycine sulphate crystal is decorated with AgCl? a
network-like deposit is formed. Almost the same pattern of
deposits are obtained when the substrate is covered with an
(I'Damorphous film of selenium  ^ . In the latter work he has 
given some other examples and references in support of his idea. 
The hypothesis is, however, controversial and some workers 
have failed to observe the e f f e c t ' ' . It is also evident 
that this model cannot explain the epitaxy of the Frank-Van der 
Merwe mode. Furthermore, chemical reaction at atomic level 
cannot be ignored. From the above consideration of the models 
of epitaxy and the experimental evidence we conclude that at 
present the underlying mechanism of the epitaxy is not fully 
understood, but it seems likely that several factors such as 
chemical reaction, lattice fitting, surface energy and defects 
are involved in epitaxial growth. It seems likely that for 
each deposit - substrate system one or two of these factors 
may be more important and may have varying effect at different 
stages of growth. The strengths of some of these factors 
can be intensified by different treatments: substrate heating^ 
irradiation, exposure to particular vapour, etc.
At the present, there is no single model that can give 3,
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satisfactory explanation of epitaxy for the systems. Moreover, 
one cannot be sure that a single model will be the ultimate 
answer 1
III The Importance of Electron Transparent Substrates.
Our understanding of thin films has increased enormously 
in the last decade, therefore there is every reason to be 
optimistic for more understanding in the near future. The 
rapid progress of the last decade is due to the following; 
reasons:
1. Commercial availability of UHV systems which allow the 
growth of films under clean conditions.
2. Availability of high resolution TEM which has facilitated 
studies of the early stages of the nucléation and growth.
3. The use of electron transparent substratesin in situ 
studies of nucléation and growth.
The last point will be discussed in some detail. In the 
past, many workers have used electron transparent monccrystalline 
substrates in the studies of thin films ( This 
kind of studies has revealed many interesting and important 
features of the early stages of the growth, for example, the 
liquid like coalescence of metal clusters, change of the 
orientation of the nuclei, migration of grain boundaries 
out of the composite islands, have been revealed by in situ 
observations. In their recent in situ studies, Honjo and 
coworkers (10 )^  have observed new interesting
features.In their experiments, which were carried out in UHV, 
they have studied three different types of materials: alkali 
halides, metals and chalcog^^^j^compounds, on substrates
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of magnesium oxide (Mgp). They have observed some differences 
in the behaviour of the nuclei of different Materials, For 
example, the liquid-like fast coalescence observed fn the 
growth of,metal films has not been seen in the films of 
alkali halides and chalcoge1%ides. Here the coalesced nuclei 
do not lose their identities. They have also observed no 
appreciable change in the degree of alignment of clusters.
For all the observed systems the epitaxy has been distinct 
from the early stage of nucléation. This shows that th.e 
early stage of nucléation varies considerably from system to 
system.
From the brief review of the information that we have 
obtained from in situ studies, the importance of the electron 
transparent substrates becomes clear. There are also other 
advantages in using electron transparent monocrystalline 
substrates:
(a) It is well k n o w n t h a t  when a very thin film on a 
bulk substfdtçis covered with a protective amorphous
film, such as carbon,and then stripped from the bulk substrate 
by dissolving the substrate, mechanical and chemical 
processes damage the film: this can be avoided by using 
electron transparent substrates.
(b) The processes mentioned in (a) are usually carried out
in the atmosphere, therefore studies of films of materials 
which react with the atmosphere or the solvents of the 
substrates are not possible in conventional ways. The 
electron transparent substrate can also solve this 
problem. This is especially important because the mechanism 
of nucléation, and growth varies from system to system.
Thus, for a better understanding of the subject, (as has
10/
been stressed by D.W. Pashley in his recent review^^^^), 
it is necessary to study many different systems.
(c) Study of the correlation between the substrate and 
overgrowth is much easier on electron transparent substrates.
(d) Monocrystalline support films have the advantage of a 
lower diffuse back ground intensity in the TEM, which 
provides better visibility.
So far we have discussed the advantages of in situ studies 
and electron transparent monocrystalline substrate. There 
are, however, several disadvantages also. As far as the in situ 
film growth is concerned:- the limitation of the space inside 
the microscope, contamination, reaction of deposit materials 
with the internal parts of microscope, and restricted 
facilities for treatment of the film during or after 
deposition are some of the disadvantages. The major problem 
with monocrystalline electron transparent substrateB is their 
preparation. Usually it is not easy to prepare good quality 
substj?ât%and the preparation methods are either tediottS* or the j
resulting substrates are of poor quality. This is particularly 
so for the techniques of producing electron transparent alkali 
halide substrates. Although in the past these materials have 
been used extensively as bulk substrates, electron transparent 
crystals of alkali halides have rarely been used as substrate.
Thin crystals of mica, M0S2 and MgO have been used to some 
extent.
IV Recent Theoretical Advances
We conclude this brief review by a short discussion of 
the theoretical progress in recent years. The atomistic 
concepts of the nucléation event, which were first introduced
11.
by Walton in 1962^^^\ have been the main approach since then.
( 21)
Zinsmeister in I966 produced a set of equations known as
the rate equations. These equations, which have been developed,
simplified and exploited by many workers (23) and (24)^^
gives expressions for adatom concentration, the stable cluster
concentration,coverage of the substrate, and also rough expressions
for the size and spatial distribution of the clusters. Because
of the complexity of the problem and diversity of the involved
factors,in the derivations of these expressions many simplifying
assumptions have been made; therefore in most cases the gaps
between the theoretical predictions and experimental results
( '1 )are unacceptable. For example, Honjo et a l .  ^ have observed
translational motion faster than lO^nm/sec for gold particles
of lOnm diameter on clean graphite substrates. This is many
orders faster than O.O3 - O.lnm per second which has been
(22 )estimated theoretically by Venables for gold particles
on a substrate of NaCl. It is doubtful that the gap can be
bridged by considering the effect of the electron beam. The
capabilities the limits of the nucléation theory have
(2‘D-been discussed by many workers but here we only mention
two main shortcomings of the theory. Firstly the theory only 
considers the Volmer-Weber nucléation mode. Secondly the 
theory does not say anything about epitaxy. Thus the theory is 
far from a complete one.
It is worth mentioning that recently A. Puskeppel and 
M. Harsdorff^^^), have introduced a new approach to the 
problem of epitaxy which is very encouraging. First they have 
grown gold films on KBr substrates under the following conditions : 
pressure 10”^^ bar, the variations of the flux of gold vapour 
was less than 2%- in several hours. The substrate crystal was 
cleaved and immediately exposed to the gold vapour for a
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a definite time. At the end of exposure, the deposit was 
covered with a carbon film, to fix the cluster in their places, 
in the same vacuum system. They were able to prepare eleven 
specimens in this way without breaking the vacuum. A series 
of experiments have been carried out at different exposure time, 
flux intensity and temperature, and the micrographs have been 
processed by image analysing computer. They have concluded 
that the oriented clusters are formed epitaxially by three 
mechanisms.
1. Spontaneous orientation, or orientation during nucléation 
called "initial degree of orientation".
2. Orientation after nucléation or time dependent orientation.
3. Orientation by coalescence^coalescence of the clusters 
improves epitaxy.
They have formulated a phenomenaloj^ical.. expression for the 
initial degree of epitaxial order which agrees with their 
experimental results and have also given quantitative data 
about cluster density, mean cluster diameter,cluster size 
distribution and substrate coverage. These kinds of data are 
very useful for testing the existing nucléation theories.
It is believedthat for the advancement of the nucléation 
theories quantitative data which are based on reliable 
experimental results are vital.
V. The Purpose of the Present Work
Monocrystalline electron transparent substrates are very 
important in the studies of nucléation and growth, principally 
because they make the in -situ studies possible and they avoid 
many other problems which arise when bulk substrates are used.
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Another important possiblity offered by electron transparent 
substrates is the study of film materials that react with the 
atmosphere. The latter point is very important, because it 
increases the number of substrate-deposit systems available 
for study. A difficulty to be overcome is that the growth 
of films in the microscope is subject to some undesirable 
constraints. *
Having in mind these points, the present work has been 
carried out with three main objectives:-
1. To produce monocrystalline electron transparent substrates.
2. To design and construct a device for transporting a specimen 
from a vacuum evaporating system to an electron microscope 
without exposing it to the atmosphere.
3. To study the films of the materials that react with the 
atmosphere by using the transporting device and electron 
transparent substrates.
the main topics of the work^p^as follows:
Chanter Two - The existing techniques of producing alkali halide 
electron transparent foils, have been reviewed. A new 
technique is introduced: the substrate crystals are formed 
inside the holes of a perforated support film, so that each 
crystal has two faces for deposition and study: The importance
of this point and the potential of the crystals as substrates 
have been discussed andabrief study of the effect of electron 
irradiation has been given. The formation of the contamination 
film on the specimen inside the microscope has been briefly 
investigated and a method for measuring the thickness of 
contamination film has been suggested.
A technique is introduced for measuring the thickness 
of the microscopic crystals, and has been applied to the
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crystals produced by the new technique. The important factors 
involved in the formation of the crystals inside the holes 
have been studied anda possible mechanism has been suggested. The 
•potential of the technique for the studies of the crystals of 
different materials has been discussed.
Gold films have been grown epita;xially on one and both ' 
faces of the crystals and the possibility of correlation between 
the deposits of the both sides of a crystal,because of long 
range influences, has been mentioned.
Chapter Three - A description (with technical details) of a 
chamber which has been designed and constructed to transport 
a specimen from a vacuum evaporation system into an electron 
microscope has been given. The pressure inside the chamber 
when the chamber is isolated from the vacuum system has been 
measured. The potential of such a device for post deposition 
treatments has been discussed and some practical modifications 
for the improvement of the device have been suggested. Two 
special heaters which have been constructed and used in the 
work have been described. There is also a description of a 
special stand which has been used for simultaneous growth of 
film on both faces of the crystals.
Chapter Four - Here the previous work on studies of the epitacial 
growth of alkali halides by electron diffraction and electron 
microscopy have been reviewed, and the potential of this kind' 
of studies have been discussed. The nucléation and growth of 
seven alkali halides, on mica substrates, from vapour and 
solutionnât low thickness,have been studied by transmission 
electron microscopy, it has been sho-wn that alkali halide deposits 
. less than 2.5nm thick on the substrates of mica form 
continuous films. The orientations of the different alkali 
halides with respect to atomic arrangement of the mica surface
15.
have been discussed, and the differences with previous works 
have been stressed.. The effects of water vapour and heat on the 
deposits have been studied and common features have been 
discussed. From the evidence obtained it has been concluded 
that the chemical interactions are main factors determining 
epitaxial growth of alkali halides on mica. It has been 
observed that when the hygroscopic alkali halide deposits are 
exposed to the atmosphere, crystallites with triangular bases 
are formed. There are apparently two equivalent positions 
(double positioning) for the crystallites; the relation between 
the double positioning and the lattice spacing of the deposits 
has been studied in some detail.
Chapter Five - Transmission electron microscopical studies 
of seven alkali halides on substrates of KCl from vapour and . 
solutions have been made. It has been shown that the deposits 
of about 2nm thick are continuous. The effect of the atmospheric 
water vapour on the deposits has been studied. From . different 
experimental approaches it has been concluded that .the . KCl 
deposit on KCl substrate does not grow by forming nuclei.
It has been shown that when the exposure time to the atmosphere 
is long the crystallites are formed at special sites. The 
shape of these crystallites for different materials has 
been studied, and the effect of post-deposition heating has 
been investigated. It has been shown that the diffusion of 
the deposits on KCl caused by substrate heating is not 
random. On the basis of the experimental results the possibility 
of the diffusion of the overgrowth materials into the KCl 
substrate at higher temperature has been discussed.
16
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CHAPTER TWO
A New Technique for Producing Electron 
Transparent Alkali Halide Substrates.
I. Introduction
In order to be able to study the nucléation and the growth 
of materials on electron transparent crystalline substrates 
in a compatible way with the conventional methods of studiesj 
the producing technique of the substrates should have the 
following two main properties:
(a) The technique should not be too complicated and time 
consuming; otherwise it will discourage the workers to 
use it.
(b) The outcome of the technique should be reasonably reproducible
The produced substr^teSshould also have the properties that 
are necessary for the studies of thé nucléation and the growth of 
materials. For example, the substrate should be reasonably 
transparent for the studyoFearly stage of nucléation which 
is, perhaps, the most important stage. The substrates should 
be large enough in order to have areas not being influenced 
by the boundaries of the substrates(in practice substrates ofi 
few tens of SJC/fttfemi crons satisfy this condition»). The surface 
of the substr^TeS>should be similar to the surface of conventional 
bulk crystalline substrates,as far as surface features are 
concerned. Finally the most important property which is vital 
for the transparent substrates Istthe experimental results 
of the nucléation and the growth on these substrates should 
be similar to the results obtained on the bulk substrates 
of the same materials with the similar crystallographlc 
features.
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In the next paragraph a brief review of the various techniques 
that have been used to produce thin foils of alkali halide 
materials^for transmission electron microscopical studies^ 
will be given. Some of these techniques produce foils which 
can be used as substrates.
Since the application of transmission electron microscopy 
to the study of matter, numbers of thin foil producing 
techniques have been developed. There are several standard 
techniques for the preparation of thin metal crystals and foils 
which are not applicable to the alkali halides successfully.
For example,it is not easy to grow alkali halide single crystals 
from the vapour phase on a bulk substrate and strip it off. Also 
the electrolytic technique of thinning is difficult to apply 
to them. Since the ionic crystals in general, and alkali 
halide crystals in particular, have an important place in the 
electron microscopical studies of matterj special technique 
have been developed to prepare thin alkali halide foils. Here is 
a brief description of these techniques.
1. Rapid Vacuum Drying Technique .
In this technique very dilute alkali halide solution 
is put on the surface of a thin amorphous support film of 
carbon or Cr20  ^ and then it is dried rapidly in vacuum.
Crystals of various size and thickness are formed. Some 
of them are thin enough to be used as electron transparent 
substrates. Since the crystals are formed on the support film, 
the preparation of the support film,especially its surface 
condition,can affect the crystals and their surfaces. This 
technique was used by Hibi and Yada^^\ for the first time 
in i960, to prepare thin KOI single crystals from a solution 
of 0.5^*KC1 in water.
* 0.5% stands for 0.5 gram salt in lOOcc water.
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2. The Sandwich Technique
In this method a layer of alkali halide solution is
sandwiched between two planes. When the water of the solution
evaporates thin foils suitable for electron microscopy can be
found. MOllenstedt, Graff and Speidel^^\ in 1962 produced
thin monocrystals of KOI by sandwiching a saturated solution
of KOI between the two microscop e slides covered with
carbon film. The crystallization had been initiated by
(2.)cooling the sandwich. J. Demmy  ^ in 1965 produced thin single 
crystals of NaCl by sandwiching a layer of 0.1% salt solution 
between a carbon film and an electron microscope grid with 
carbon support film. The froils obtained in this manner are 
usually covered with carbon from both sides. Therefore they 
cannot be used as crystalline substrates. Also, because of 
contact from both sides with carbon film the energy states 
of the foils could be considerably different from the energy 
states of the similar foils with free faces. This can be 
effective on the behaviour of the crystals in the electron 
microscopic investigation.
3. The Dissolving Technique
In this technique water or a mixture of water and alcohol is
(ri)
used to thin the bulk material: J. Heydenreich^^' gives a list 
of the workers who have used this technique to produce thin 
fceils of alkali halides. The substances that have been used 
by these workers are mainly KCl and NaCl. To produce 
thin foils of LiF, Tabaka has used orthophosphoric; acid for 
thinning(3), in 1969 K. Izumi^^^ prepared thin foils of KCl 
and NaCl by this technique in the following way: a bulk 
single crystal is cleaved into plates thinner than 0.2mm, then
21
the plates are thinned in an aqueous alcohol and dried quickly 
between the two sheets of filter paper. Although the thin 
crystals produced by this technique have free faces, they 
do not seem to be suitable substrates. The surface could be 
quite uneven because of the chemical polishing and the drying 
with filter paper. Also the surface of the crystal is 
bound to be contaminated in the foregoing treatment.
h. The Electron Beam Flashing Thinning Technique
This technique which was introduced by K. Yagi and 
G. Honjo^^) in 1964, is substantially different from other 
techniques described so far. In this method after ’the bulk 
single crystal was cleaved into the plates of tenths of 
millimeter thick,they are further thinned by a mixture of 
water and alcohol to get slices of 2 to 10 microns thick.
A slice so prepared being observed in the electron microscope 
at low magnification, the intensity of the electron beam is 
increased abruptly, irradiating a rather wide area of the specimen, 
then it is seen, parts of the surface layers of the slice 
are detached, leaving thin transparent area. The appropriate 
intensity change for thinning, varies from slice to slice 
depending on the size and the thickness of the slice. The 
electron transparent crystals produced by this technique can be 
used as suitable substrates, as they have been used by the authors 
of the technique to grow epitaxial films of gold from the 
vapour phase^^'. But the technique is tedious and time 
consuming. In other words, it is not easy to produce a large 
number of adequate substrates for a long series of experiments. • 
Because as was quoted above and the author has tried 
personally, to find an appropriate electron beam intensity for
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intensity change for thinning, varies from slice to slice 
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electron transparent crystals produced by this technique can be 
used as suitable substrates, as they have been used by the authors 
of the technique to grow epitaxial films of gold from the 
vapour phase But the technique is tedious and time
consuming. In other words, it is not easy to produce a large 
number of adequate substrates for a long series of experiments. ■ 
Because as was quoted above and the author has tried 
personally, to find an appropriate electron beam intensity for
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every slice is not easy, i.e. the electron flashing thinning 
does not happen always. In most cases the detached chips are 
s o t W ^ W r e s e m b l e  the evaporation of the substance. Thus 
the surface of the remaining transparent slice is not usually 
smooth enough to be used as substrate. In other words, the 
reproducibility of the technique is not good. Another problem 
with this technique is: usually around and near a suitable 
substrate there are several small but thick chips which might 
be shattered into a large number of pieces, under the irradiation 
in the electron microscope. These pieces spread around and 
contaminate the substrate. In a long term, contamination of 
the microscope is inevitable. But on the other hand, when a 
limited number ofin situ nucléation experiments and observations 
is required, these substrates are ideal especially because 
their surfaces are fresh like vacuum cleaved bulk substrates.
5. The Oblique Cleaving Technique
In this technique which has been developed by R.F. Miller 
and R.W. Hoffman^^^; a rectangular prism of order of 2 x 4 x 15 mm 
bounded to ^100^ planes of a salt crystal is cleaved in a 
direction which makes an angle of roughly 30  ^with the long axis 
of the prism. Since in such direction, salt does not cleave 
easily, number of flakes are produced from the cleaved surface. 
These flakes are transferred onto a microscope grid filmed . 
with carbon,by using a brush of very fine tungsten wires.
Some of these flakes are transparent or have transparent parts 
to be used as substrate. Some nucléation studies have been 
carried out by the same authors on the substrates produced 
by this technique. The substrates produced by this technique 
have two main advantages over the substrates of other techniques
.mentioned so far. Firstly, since the flakes are not treated
by water or aqueous alcohol they could be considerably free
from contamination. Secondly, since these 'flakes are directly
cut off from the bulk crystal they could show the same behaviour
as the bulk substrates, provided the likely mechanical damage
. *
that can develop during the cleaving process can be Ignored.
The main disadvantages of the technique are: only few flakes I
I
can be found (on average) on each grid which are adequate as 
a substrate. They can be lost easily in the process of transferring 
them from the microscope to the vacuum system and back. The 
reproducibility is not very good.
6. The Evaporating Thinning Technique
The principle of this method which according to J.
H e y d e n r e i c h / ^ )  has been suggested by Bethge, Krohn and Lange,
could be outlined as follows: Since there is a definite
crystal decomposition by evaporation in high vacuum,' in other
words, by sublimation from bulk material, it is possible to
thin a crystal by making use of this fact. In this technique,
a disc of the object crystal is prepared and the edges of the
crystal are firmly covered by a metal frame,to prevent easy
sublimation from edges. Then the crystal is heated in vacuum.
The evaporation process is observed by an joptlcal . microscope.
As soon as a small hole appears in the crystal the process lis
stopped. By stopping the process at the right time, one can
hopefully get an electron transparent wedge shape foil. For a 
\
disc of salt 1mm in diameter and 0.1mm thick, either an
* There are also flakes which are quite adequate for the 
electron flashing thinning technique. Therefore this can 
save chemical thinning stage in the latter technique.
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evaporation of 10 hours at 500C or 6 hours at 5200° is roughly 
necessary. (For the same size disc of LiF six hours evaporation 
at 6800° is necessary). Lower temperature takes longer time 
hut gives smoother surface. Although this technique could 
give very clean and possibly smooth electron transparent 
fo.iüs ' regarding the foils as ideal substrats; is doubtful. 
Because, since the process of evaporation should be stopped 
quickly at the right time, gradual cooling of the foils is not 
easy: such a quick decrease in temperature could freeze various 
kinds of defects in the fo.i3s which'might affect the nucléation 
process. Also this technique is time consuming and has 
relatively poor reproducibility.
Conclusion :
From this review, it is concluded that some of the techniques 
which give adequate substrates are usually time consuming or 
do not have good reproducibility and those techniques which 
can be used easily, give f.oils which are not quite adequate 
as substrate. It is hoped the new technique of producing thin 
alkali halide f'oils, which is the subject of the next section, 
could satisfy all the properties and conditions mentioned at 
the beginning, to a large extent.
II. Technique
In this technique, electron microscope grids with 
perforated carbon support film are used. There are several 
methods of producing perforated f i l m s s o m e  of 
these methods are very easy and quick, but the reproducibility 
is not good. The following method which has been used in this 
work takes longer time, compared with other methods, but its
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reproducibility is much better. In this method, 4cc distilled 
water is added to lOOcc solution of 1% formvar (polyvinyl 
formal) in equal parts of ethylene dichloride and Dioxane, 
and then it is shaken thoroughly, until a milky solution is 
formed. A few microscope slides are held vertically in the 
solution for a few seconds, and then transferred to a covered 
jar, which contains some ethylene dichloride or chloroform.
The slides are kept there for 20 to 30 minutes, and then 
transferred to a dust-free place and kept there for 30 minutes 
or so, to dry thoroughly. At this stage the formvar films 
on the lateral sides of the slides are stripped off with a 
knife. Then the film on orîe side of the slide is floated onto 
the surface of distilled water in a bowl. After putting 10 to 
20 grids onto the film it is picked up with a dry glass slide 
(for the details of the method see^^^). The grids with perforated 
formvar film are then covered with a. .deposit of 15 to 20%. 
of carbon and then the formvar film is dissolved by putting 
the grids in the vapour of ethylene dichloride for some hours. 
Finally the suitable grids which contain numerous holes of 
lOp to 2Op diameters are selected and kept in a clean container. 
Although the method looks tedious and time consuming, it should 
be appreciated that since the grids with perforated carbon 
film do not deteriorate ivifHime ; one can produce as many grids 
as one might need for a long time, just in one operation.
The most difficult part of the new technique of producing 
thin alkali halide fo ils is the preparation of the grids with 
perforated carbon support film, which was described above, 
otherwise the remaining parts are simple and quick, as follows: 
while a grid filmed with perforated capyçjils held horizontalby a pair 
of tweezers, a drop of 20% salt solution in distilled water
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is put onto the grid by another pair of tweezers.* The drop 
is drained gently from the beneath of the grid by a clean 
filter paper. That is the end of job I The grids so prepared, 
are kept in a clean container, a Petri dish with filter paper 
will do. The grids can be observed immediately after preparation, 
but throughout this work, all the grids have been used 
at least some hours after the preparation. It has been found 
that the following precautions lead to a better result. The 
size of the drop should be small enough not to be drained 
from the edge of the grid. In other words, the diameter of 
the drop should be slightly less than the diameter of the 
grid. Since . usually there is the possibility of contact 
between the drop and the tweezers holding the grid, and this 
causes the grid to stick to the tweezers after draining 
process, it is better to use a third pair of tweezers to 
transfer the grid into the Petri dish.
III. Observation
The electron microscopical observation shows that large 
numbers of crystals are formed inside the holes of the carbon 
support film. Figs. (1, 2, and 3)- Thus, it seems the holes, 
are the preferred sites for crystallization. Some of the 
crystals are almost entirely inside the holes and some of 
them have some parts on the support film. Usually, around some 
of the holes very small crystals are observed. In some cases 
the small crystals are attached to the sides of the holes 
from inside. In the case of KCl and KBr, the crystals 
appear in different shapes but, some forms which will be 
discussed later, are seen more often. In the case
* By salt it is meant NaCl, KCl or KBr that have been used 
As will be discussed, 20% concentration is not critical.
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Figs. (1) and (2) KCl crystals
Fig. (3) KBr crystals Fig. (4) NaCl crystals
The micrograDhs show that the holes in the carbon support films 
are p r e f - sites for the formation of alkali halide crystals 
from solution»
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of NaCl two shapes are observed more frequently: square or 
square which has unfilled sections at the middle of its 
sides, Fig. (4J. The size of the crystals varies with the 
size of the holes, and in general the bigger the holes the 
larger the crystals. But for almost the same size holes 
the same size crystals are not always observed. Transparent 
crystals with an area of several tens of square microns are 
easily found. Much larger transparent crystals of KCl and 
KBr are observed but not so often,Fig. (5)• The transparency 
of the crystals depends on their size to a considerable extent
i.e. the larger the crystal, the less transparent it is, but 
for the same size crystals the transparency can be dramatically 
different.
To find optimum conditions for the formation of the 
transparent crystals, different solution concentrations of 
KCl, KBr and NaCl, have been tried; also different sizes 
of holes have been examined. The result of this investigation 
shows that even for a concentration of less than 1% crystals 
are formed in the holes, but they are usually very small.
By increasing the concentration.the size and thickness of the 
crystals increase gradually. It is found that concentration 
of about 15% or more are quite adequate. Investigation with 
different sizes of holes shows that for holes of diameter 
larger than 40pthe number of crystals in the holes is very small 
and the crystals are usually so thick that they can not be 
used as transparent substrates. Holes of size 10 to 2Op in 
diameter give very good results.
In general,the crystals of NaCl are smaller than the 
crystals of KCl and KBr. Also, generally the crystals 
of NaCl and KBr look darker than the crystals of KCl.
In the electron microscope, voids of circular and square shape 
are seen in some of the NaCl crystals, especially in thin
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ones. The NaCl crystals generally have [ool] directions 
perpendicular to the surfaces of the holes*. As was mentioned 
before, most of the NaCl crystals have square or nearly square 
shapes, but in those crystals whose shapes differ from these, 
generally the <L10> directions are along the largest and the 
shortest length of the crystals. In the case of Kcl, some 
crystals with [ill] directions normal to the holes are observed 
Fig. (6a). But most of the crystals have [oOl] directions 
normal to the holes. In these crystals, very clearly it is 
seen that in general, <110> directions are the fastest
growing directions of the crystals. The orientation and the 
shape of KBr crystals are the same as for KCl, but the 
proportion: of KBr crystals with [ill] directions normal 
to the holes is considerably higher, i.e. 20% to 30%.
IV The Effect of Electron Irradiation on^the Crystals
Since alkali halide crystals are dielectrics they are 
very sensitive to electron irradiation. In other words, 
the electron irradiation can cause various kinds of defects.
The nature and the shapes of these defects depend on different 
parameters such as intensity of the electron beam, irradiation 
time, the thickness and the size of the crystals, and even 
the technique of producing the crystals.
When an alkali halide crystal is observed in an electron 
microscope, moving extinction contours appear at the beginning, 
especially when the crystal is illuminated unevenly and by 
a rather intense electron beam. These extinction contours 
could be due to the creation of internal local stress centres.
The signs of [ ] and < > stand for^ particular and equivalent 
directions respectively.
Fig. (5a) Fig. (5b)
..
Fig. (6a) Fig. (6b)
(001)Figs: (5a) and (5b) A large KOI crystair with ( ) 
orientation and its diffraction pattern.
Figs. (6a) and (6b) A KOI crystal with (ill) orientation 
and its diffraction pattern.
#
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Two reasons may be conceived for the creation of these centres:
1. Abrupt electron irradiation can electrify the crystals.
2. There is a possibility of temperature gradient in the 
direction of- electron beam; and also in the case of 
uneven irradiation, in the directions normal to the beam.
The electron micrograph in Fig (7) shows such contours. At 
later stage of the observation, especially when the crystal 
is illuminated evenly, the production of extinction contours 
slows down or even stops. Then small black spots randomly 
appear and disappear. These spots are not fixed and they do 
not have particular geometrical shapes. With further 
irradiation larger defects emerge which are more or less fixed 
and show some kind of structures. At this stage gradually, 
dislocation loops (normally^appear along <100> directions.
Figs. (*d) and (9). At later stages, especially in large 
crystals,loops of the shape of pairs of 1ensnare observed 
Figs. (9)j (lOa) and (10b). Also,long narrow loops elongated 
in &00> directions can be seen frequently. Fig. (10b).
Several workers have studied in detail the defects produced in 
alkali halide crystals by electron irradiation. J. Heydenreich^^^ 
has given a detailed review of this work and he has compared 
the results of some of the workers who have used different 
techniques for producing crystals. According to this comparison 
most of the defect features, including those mentioned above, 
are common in the crystals of different techniques, but there 
are some features which have been observed only in the crystals 
of a particular technique. For example, Y. Kawamata and 
T. Hibi^^), have observed prismatic loops in KCl crystals 
thinned by the influence of water, while such loops have not 
been detected in the crystals produced by the electron flashing
Fig. (7) Fig. (8)
Ë
Fig. (9)
Fig. (7) Contrast contours produced lln"a Had crystal at
the early stage of irradiation in the electron microscope. 
Small square defects are only observed in NaCl crystals.
Fig. (8) Dislocations produced in a K3r crystal under
the electron irradiation.
Fig. (9) Typical defects which are usually observed in
an electron irradiated KCl crystal.
•/ :* V Sip
Fig. (10a)
J':
'àFig. (
Figs. (10a) and (10b) Lens-like loops and long rectangular 
loops which are observed in rather large KCl crystals, 
irradiated by the electron beam inside the electron microscope.
" l i s
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technique^^\ evaporation t e c h n i q u e o r  the present technique. 
In the study of defects the thickness and the size of the 
crystals have crucial effects. For example, as was mentioned 
earlier, only in large and rather thick crystals are lens 
shaped loops observed. These loops, which are bubble-like 
voids are the result of vacancy aggregation. In thin,
crystals vacancies easily can find their ways to the surface 
of the crystals. Obviously, impurities can affect the nature 
of the defects considerably,^^'. There is, however, one 
point which can affect the nature of the defects produced 
by electron irradiation, but is not considered by other 
workers: when an alkali halide crystal is irradiated in 
electron microscope a contamination film rapidly covers the 
crystal which changes the surface energy of the crystal and 
also produces stress. Many workers have used irradiation 
times of more than ten minutes during which the thickness of 
the produced film can be quite considerable. This point will 
be discussed in more detail in the light of the following 
experiment.
A thin crystal in a hole was irradiated by the electron 
beam in the electron microscope, for about 50 seconds; with 
an intensity of the order of 50mA/Cm . After exposing the 
crystal to the atmosphere for 30 to minutes, it was 
reobserved in the microscope. Figs.(11a) and (11b) show the 
micrographs of the crystal before and after exposing to the 
atmosphere, respectively. It is seen that the thickness of 
the crystal has increased at central parts and has decreased 
in other parts. This observation can be explained in the 
following way: during the irradiation a film has been built 
up on the surface of the crystal; when the crystal is exposed, 
after irradiation, to the atmosphere the crystal absorbs some
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water, in other words, at least some part of it dissolves, 
if not all of it. In the second observation, the water 
evaporates and a thicker crystal is formed, which is more 
stable than previous one, (this point is discussed in section 
VI). Therefore,what is seen in Fig (lib) is a film replica 
of the previous crystal and a partially or completely new 
crystal#Fig. (11c), is another example. To show that this 
explanation is justified, a grid with crystals in the holes 
was covered with a thin film of carbon, before being observed 
in the microscope, and was then exposed to the atmosphere for 
3o minutes. The result is the micrograph of Fig. (12) which 
confirms the given explanation. Another point which supports 
the above idea is: as will be shown in Chapter five, the
exposed deposit, of KCl on the substrate of KOI does not
1
form observable crystallites but, when the substrate is 
irradiated even for 20 to 30 seconds before deposition, the
j
crystallites with random orientation, are observed Fig. (13). |
This indicates how quickly a film builds up on the surface i
of a crystal. The interface forces between the contamination i
film and the crystal may create stress which can affect the 
behaviour of the crystal. The possibility of the diffusion ;
of the contaminating particles into the crystal,during the ■
irradiation process,can not be ruled out. Thus it seems for !
a better study of the effects of the electron irradiation on 
alkali halides very high vacuum is necessary.
I
Another point worth mentioning is that, although from the 
early days of electron microscopy people have paid attention :
to the contamination film which is built up on the specimen.
( #
during observation in the electron microscope; I only recently 
have attempts been made to measure the real thickness of the 
contamination film. In the past, people estimated the thickness
Fig. (lia) Fig. (11b)
V
Fig. (11c)
Fig. (lia) A KCl crystal at the first observation. (Small
crystallites belong to NaCl deposit which are not concerned here.
Fig. (11b) The same crystal as Fig. (11a), but after being
irradiated in the electron microscope and exposed to the 
atmosphere.
Fig. (11c) A KCl crystal irradiated by electron beam for
60 seconds and exposed to the atmosphere for 30 minutes.

Fig. (12)
Fig. (13)
Fig. (12) KCl crystals covered with a carbon b film and exposed
to the atmosphere for 30 minutes.
Fig. (13) A KCl deposit ORiâ, KCl crystal part of which
had been irradiated by the electron beam, before deposition.
Small crystals are observed in the irradiated part.
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of the contamination film from the lateral growth of the film
inside holes or on small particles which were present in or
on the support film. The rate of growth at the edges of the
holes, or at the sides of the particles could be quite different
from the rate of the growth in the normal direction. R. F. '
Egerton and C.J. Rossouw^^^^ in 1975 measured the thickness
of the film in the normal direction by making use of the
energy loss spectrum. In principle when a beam of electrons
passes through a typical solid, the electrons can be divided
into two categories: those electrons which do not lose energy
/A
n^, and those electrons which lose energy (mainly because of 
excitation of plasmons), n^» The number of electrons in 
these two categories are related to each other by the relation
t = Y (n^/n^) . (1)
where t is the thickness of the support film plus the contamination
film, and Y is the mean free path for inelastic scattering .
of electrons in the specimen. In practice, Y is determined
by using a carbon film of known thickness. By assuming the 
same Y for the contamination film and carbon film, the 
thickness of the overgrowth contamination film can be evaluated 
from the equation (1).
In this method of evaluation of the thickness of the 
contamination film there are two main sources of error:
(a) Y may be different for the carbon and contamination films
(b) since the equation (1) gives the thickness of 
contamination film plus carbon support film, for
a thin contamination film the relative overall increase 
of thickness, At/t, is small, which means the 
thickness of thin contamination films can not be 
evaluated accurately.
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It seems one can solve these two problems by making use 
of alkali halide crystals. For example, it may be possible 
to irradiate a macroscopic salt crystal, with an electron 
beam in conditions similar to the conditions in an electron 
microscope. Then the contamination film could be stripped 
from the crystal for measurement of the thickness. Another, 
way is to make use of the crystals formed in the holes of 
carbon support film. As was mentioned earlier, when such a 
crystal, after being irradiated by the electron beam in the 
electron microscope, is exposed to the atmosphere it dissolves 
and in the subsequent observation in the electron microscope, 
recrystallizes in a thicker form leaving parts of contamination 
film free. Thus one can apply the energy loss spectrum method 
directly to the contamination film avoiding the thickness 
of carbon film (in this method known y should be used).
V Thickness Measurement
There are several standard techniques of measuring film 
thickness, like_optical interferometry, which can only be 
applied to the macroscopic thin films. But when the sizeaof 
the films are microscopic, only few reliable techniques are 
available which can be applied in special cases. For example, 
when there is a wedge shape crystal, the thickness can be found 
from the thickness fringes. Also, when there is a defect 
ending to the both faces of a crystal and lying in a known 
plane, again, it is possible to find out the thickness. The 
well known shadowing technique is not applicable to the 
crystals which are entirely inside the holes. Besides when 
the thickness of crystals varies from place to place especially 
near the edge, the shadowing technique could give an in­
accurate result.
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A technique which makes use of bending fringes, and has 
been suggested by Siems, Delavignette and Amelinckx^^^^ 
is extended here to be applicable to the crystals in the holes.
Now this technique will be discussed in some detail. In a
large flat crystal of thickness t, the variation of diffracted 
intensity in a direction normal to the crystal, parallel to. 
the electron beam, in the electron microscope is given by
I « (2)
(t t s )
where s is the distance between the Ewald sphere and the
reciprocal lattice point in the direction parallel to the electron
beam in reciprocal space. For s = 0, the reciprocal lattice
point coincides on Ewald sphere, and the intensity is
maximum. The zero points of the intensity satisfy the
*
following equation;
st = n (3)
where n is integer. The distance between successive zero 
points is constant, = i/t. The profile of intensity 
Variation with s is shown in Fig. (l4). Now, we consider 
a crystal with a symmetrical bend with respect to the electron 
beam in such a way that two parts of the crystal, p^ and 
Pg in Fig. (I5a) are in exact Bragg condition, that is, their 
reciprocal vectors end on the Ewald sphere. The position of 
the planes between p^ and gradually varies from exact
Bragg condition. In other words, going away from p^ and p^, 
s ..ihcreases giving rise to a series of fringes. In bright 
field two strong (and wide) dark fringes are observed which 
correspond to p^ and P2 , and few more Taint fringes at 
both sides of them^Fig. (I5b)*
The equation (3) is correct only for large s, (kinematic theory).
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Fig. (l43 Diffraction intensity profile versus the 
deviation from exact Bragg condition.
Fig. (15a)
ocixa dit^ ecTion
Fis.
Fig. (15a)-C is a crystal with symmetric bending with respect
to the electron beam,o p, planes p^ and P2 are in exact Bragg
condition; E is the Ewald sphere, ppj^  is the reciprocal lattice
vector corresponding to p^;60 is the angle between two successive
zero points. (Ijb) isthe schematic form of the fringes in bright 
field.'
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From Fig. (I5a) we can write*:
As = - PP^ i 66
or
t = —  = — -^-- (k)As p p|l 6 0
where pjf^  is the reciprocal lattice vector corresponding • 
to the planes responsible for the reflection. Hence
ppi " ^
To find the thickness t, we need to know 60 , and this
can be calculated in the following way; from Fig. (I5b) the 
number of fringes between the two strong dark fringes , m, 
can be obtained from the relation
 ^ and A£ are shown in Fig. (I5b).
On the other hand, in Fig. (15&) it is seen that the angle 
between planes p^ and P2 is 2 0. By dividing this angle 
by 6 0 , again we get m, the number of fringes. Thus:
“ = aX  = ô V
or
60 = ^  20 . (6)
_ 1putting 6 6 from (6) into (^ ) and considering pp^ - ^ 
d
'hkl
and 20 =   j we get
hkl 2
 ^ ^ hkl
*
The following approximations are justified because of the 
large radius of the Ewald sphere for X = 0.0037 nm.
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where A is the wave length of the electron. £ and A£ 
can be measured from the bright field micrograph, and if the 
responsible reflection is known, d^^^ can be calculated from 
lattice parameters.
This technique is restricted in practice because it is 
not easy to find adequate bending contours, especially when 
the crystals are not very large. In particular, the crystals 
in the holes that we are dealing with in this work are usually 
flat because, they are not on a support film which might give 
them some curvature. But jit is found that when the crystals 
in the holes are covered with a thin layer of carbon (5nm or 
so thick) a lot of bending contours appear and, in many crystals 
there are adequate fringes for thickness measurement. Better 
result is obtained, when the crystals are covered with a 
deposit of different alkali halide than the substrate crystals. 
In the latter case a deposit of less than 4nm is usually 
sufficient. The bending arises because of the creation of 
stress between the two substances. It should be possible to 
find a suitable deposit material for any monocrystalline film 
to produce the required contours for thickness measurement.
Thus it is believed that this method of producing bending 
contours widens the application range of the discussed thickness 
measuring technique. Since the measurement of the thickness 
of the crystals in electron microscopy is widely required for 
the quantitative measurements of dislocation density, point 
defect concentration, etc., this technique could be very useful.
Most of the contours produced by this method, in the 
crystals inside the holes, are parallel to <100> and <110> 
directions; therefore the required interplanar distances
are d^^g and 3^.220’ table (1)  ^ ^22o/^
for NaCl, KCl and KBr are given.
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TABLE 1
NaCl 0.564 21 10.5
KCl 0.629 27 1 3 .5
KBr 0.658 30 15
Table 1 shows the constant parts of the equation (7) for 
some alkali halides when {1.00} and {II'O} planes are active 
X = 0.0037 nm.
The thickness of a number of typical crystals, inside 
the holes, have been measured by the discussed technique.
The shadowing techniques have also been used in some cases 
for comparison. The results of these measurements can be 
summarised as follows: The thickness of quite transparent 
crystals of some ten square microns size varies from O.ly 
to 0.5m • Although the larger crystals are thicker than 
smaller ones in general, the measurements do not show any 
simple relation between the size of the crystal and its 
thickness. In other words the same size crystals could 
have considerably different thickness. In Fig. (16) two 
typical micrographs are shown.
VI The Mechanism of Formation of the Crystals inside the Holes
Most of the micrographs throughout the work show that 
the holes in the carbon support film are preferred sites 
for formation of crystals. Therefore it is reasonable to assume 
that when a drop of alkali halide solution is put onto a 
grid with a perforated carbon support film and is drained
■ ’J ' >■ 4 -:v
■
' %
Fig. (16a)
Fig. ( 16b) '
Figs. (16a) and (16b) Typical extinction contours^ observed in 
KCl and KBr crystals covered by NaCl deposits.
; "vTv wr?.
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from beneath with a filter paper, a large number of small 
droplets are formed and captured by the holes.
To understand the mechanism of the formation of the droplets
and the growth of the crystals,with definite orientation,
inside the holes, it is necessary to consider the important 
parameters which are involved. It seems, as far as the drop 
of solution and the support film are concerned, the surface 
tension of the solution and the interface energy between them 
are the most important parameters. Therefore these two 
parameters will be discussed in some detail:
a) T he surface tension of water at 20C° is 72.75 x 10"^nt/m^
dissolving alkali halide in water increases the surface
tension and the latter increases with the increase of
concentration. The surface tension also depends on the
kind of solution, for example, for the solutions of 25«92g% NaCl
and 24.7g%KCl the surface tensions are 82.55' x 10”  ^and
7 8 .7 5 X 1 0”  ^Nt/m respectively. In a small droplet the
surface tension produces a considerable pressure which"
tends to minimize the energy of the droplet by reducing
its surface. For a spherical droplet of radius R and
surface tension y the pressure towards the centre of
sphere is 2y/R. For alkali halide solution y is about
80 X 10”^ Nt/m, hence for a spherical droplet of radius
10 y the pressure is •
These figures and the following ones have been taken from 
the Handbook of Chemistry and. Physics 72-73 CRC press.
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L_x. 80 X 10-3 ^ ^
10 X lO'b
Because of pressure of this order, it is expected that 
small droplets of water or salt solution,vviHhave 
spherical shape particularly when the solution is a poor 
wetter of the substrate,
b) The interface energy between the alkali halide solutions 
and the carbon film has been studied in some detail. 
Experiments show water and alkali halide solutions very 
poorly, wet a microscope slide coated with carbon. A 
drop of salt solution of diameter more than 5nun can have 
heights of 2.8 to 3nim on a carbon coated slide. The 
contact angle of the drop could be as much as 70° (The 
height of a drop as well as its contact angle are not 
constant: they vary with the size of drop and the way 
it is put on the slide. The above figures are almost 
the maximum ones.) A drop of alkali halide solution of 
diameter 3nim or more can easily slide on the surface 
of a glass slide coated with carbon, when the slope of 
the slide is more than 20 degrees.
The above observations indicate that the energies of the 
droplets are not reduced considerably because of the contact 
between the droplets and the carbon support film, particularly 
the reduction in energy is insignificant for the droplets 
with considerable parts oyer the holes, as in our case . Thus 
as far as interface energy is concerned the expectation of 
spherical droplets seems justified. If we accept the idea 
of spherical droplet, it is possible to evaluate the thickness 
of the crystals formed in' the holes by considering following 
points: A large number of holes of diameter less than 20y,
with crystals almost entirely inside the holes,either have
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several crystallites on the support film around the holes 
or some crystallites attached to the holes from inside, see 
Figs. (2), (3) and (4). These crystallites are the traces 
of a series of droplets at some stage before the complete 
crystallization. Thus, it is obvious, in the latter case 
(which is usually so) that the diameter of the droplet at.some 
stage before the crystallization could not have been less than 
the diameter of the hole. Two possible configurations can 
be conceived for a droplet and these are shown in Figs. (17a)
and (17b).
Fig. (17). Two possible configurations of the solution droplets 
which could lead to crystals inside the holes. (a) with 
no crystallites on carbon support film, (b) with some 
crystallites on support film.
For a droplet with a configuration similar to Fig. (17a) 
the amount of dissolved substance, m, can be obtained from
4 3
m = 2 ' C# R .
Where C is the concentration of solution and R is the 
radius of the hole. Dividing m by the density of the substance, 
p , the volume of the crystals is found. The area of the
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crystal, S, can be evaluated from its micrograph. Having 
these data, the thickness of the crystal, t, can be 
obtained from:
t = ^  . (8)
The ratio of the area of the crystal to the area of its hole,
S/ttR , is not constant but, measurement shows it is usually 
less than 1/3. Now from the equation (8), for the thickness 
of a KCl crystal inside a hole of lOy diameter with
S/ttR^ = 1/3 and C = 20%, we get
^ = 3'xi X 100 •
In this evaluation the concentration of the prepared solution 
is used, while the actual concentration could be considerably 
higher because of evaporation, before crystallization. Another 
point is that, droplets with configurations similar to Fig. (l/b) 
would give much thicker crystals. Thus,it is seen that 
spherical droplets should give crystals with thickness of order 
of micron and-this is by no means consistent with the order 
of thickness that have been measured (section V). This order 
of thickness is between 10 to 30 times thicker than measured one 
The gap is so large that one has to abandon the idea of 
spherical droplet. Another point which is contradictory to 
the idea of spherical droplets is: a spherical droplet of 
alkali halide solution should end up almost to a cube shape 
crystal; because alkali halides have cubic structure and the 
cube, has the minimum area among all possible orthogonal prisms 
for a given volume. Thus the cube is the ideal shape for an 
alkali halide crystal as far as the energy of the crystal is 
concerned. As was shown in section IV, when the crystals in 
the holes are covered with a film of carbon and exposed to,the
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atmosphere for sometime, the crystals are dissolved, from the 
edges to some extent, and recrystallized in thicker form in 
the subsequent observation in the electron microscope. This 
means that the previous crystals had not been in minimum 
state of energy from the surface energy point of view. In 
turn, this would indicate that the former droplets were not' 
spherical.
Certainly the assumption of spherical shape for a small 
droplet is justified from the energy point of view; but this 
can be only applied to the cases which are in a state of 
equilibrium or very slow transition.
In the light of what has been said in this section so 
far, the following is suggested as a likely mechanism of the 
formation of the crystals in the holes: when a drop of alkali 
halide solution on a grid with perforated carbon support 
film, is drained from beneath by a filter paper the height 
and the size of the drop reduces very quickly. This process 
causes a rapid flow of the solution towards the sinking points, 
all over the surface of the support film. When the drop 
becomes thin enough it is broken by the holes into small 
droplets, which then are captured by them (The holes act like 
the roughness on a surface which can hold droplets*). Most 
of these droplets are not in a minimum state of energy as 
far as surface energy is concerned. In other words a large 
number of droplets are not spherical or closely so. After 
the formation of the droplets, the surface tension tends 
to reduce the energies of the droplets by giving them 
spherical shapes, but this process takes time and long before 
it happens evaporation increases th;e concentration of the 
solution very quickly. Supersaturation occurs and crystallization 
starts. Since the droplets are small and they are not usually
spheres, the surface energy is considerable. This means that 
the time interval between the formation of the droplets 
and the completion of crystallization is very short.
By forgetting the idea of spherical droplets and accepting 
the foregoing mechanism, questions such as, why crystals of 
the same size do not have the same thickness and why most . 
of the crystals have particular orientation with respect to 
the holes, can be explained. For example, since the droplets 
are not in minimum states of energy each of them can be in 
one of the many possible states of energy. This means 
droplets in the same size holes can be in the shape of lenses 
with different thicknesses. Thus the droplets in the same 
size holes can give crystals with different sizes and thicknesses, 
in agreement with observation (section V). In Fig. (l8) 
some of the possible shapes for the droplets in holes of the 
same size are shown. Droplets similar to a and d lead to
ba c
d fe
Fig. (18). Some of the possible profiles for the droplets captured 
by the holes. Droplets similar to a, b and c give crystals 
in the holes and some crystallites around the holes. Droplets 
similar to d, e, and f give crystals inside the holes and 
some crystallites attached to the holes from inside.
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to be continued on page 46
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thin and flat crystals- while droplets similar to c and 
f give thick crystals probably not very flat.
Another point which can be explained by Fig. (l8) is 
the orientation of the crystals. Since we are dealing 
with the sizes of the order of microns, the effects of 
gravity can be ignored. All directions in a spherical 
droplet are therefore equivalent. This means a crystal 
grown from a spherical droplet can have any orientation with 
respect to the support film. Actually this has been 
observed: The <100> directions of very thick crystals are 
not always normal to the support film. .The number of 
this kind of crystals is very small, firstly because 
relatively few droplets have spherical shape, and secondly 
the crystals grown from spherical droplets grow* almost 
equally in three dimensions (contrary to the crystals grown 
from thin lens shaped droplets which grow virtually in 
two dimensions.) This means that they occupy small 
areas of the holes, compared with the thinner crystals grown 
from the same diameter droplets. Thus there is a greater 
possibility for thick crystals not to stick to the sides 
of the holes and to be lost.
In droplets similar to a, b and d in Fig. (18)
which differ considerably from sphericity, all directions
are not equivalent. Therefore the seed crystals which
appear and start crystallization can not have arbitrary
position. Because the fastest way of transition from solution
to crystal, for a lens-like droplet is to have the directions
of the fast growth of the seed crystal in' the plane of the
( 14')droplet. According to J.C. Brice,  ^ the directions of the 
fast growth in KCl crystals are <110>, which are the 
orientations in the planes of the crystals observed in the 
present work.
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By accepting the idea of a lens-like droplet we explained
some common features observed in the crystals of different
substances. But there are features which belong to the
crystals of certain substance. For example, we mentioned
before (Section III), that the crystals of KCl and KBr
appear in several different patterns while in the case of
NaCl two morphological patterns are almost always observed.
Also it is observed, in general, that the crystals of NaCl
and KBr are thicker than the crystals of KCl; and NaCl
crystals are usually smaller than KCl and KBr crystals.
It seems that parameters such as saturation concentration
and crystallization rate have a role to play in the development
of the features mentioned above. For instance, higher
saturation concentration and slow rate of crystallization
favours thicker crystals. Because the time interval between
the formation of the droplets and the completion of
crystallization will be longer in this case, the surface
tension has more time to push the droplets towards the
spherical shapes,' which provide smaller and thicker crystals.
Observation supports this idea. KBr has considerably
higher saturation concentration than KCl and its crystals
*
are thicker than the crystals of KCl in general . It is 
well established that the rate of crystallization can differ
( 1 Ll'N
substantially in different directions in a crystal^ ^. It 
can be seen clearly in the micrographs of KCl and KBr 
crystals. Figs. (1), (2)and ('3) that the crystallization rate 
in <110 > directions are considerably higher than in <100> 
directions ; while in the case of NaCl such a marked
* The saturation concentration of NaCl, KCl and KBr at 
20C° are: 35-7? 34.7 and 53*48 grams per lOOcc respectively.
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difference is not observed, Fig. (4). The square or nearly 
square crystals which are observed in the case of NaCl, should 
have resulted from circular or nearly circular droplets
and almost equal crystallization rates in<100> and <110> 
directions. If the crystallization rates in <100> and <110> 
directions were considerably different, circular droplets 
would lead to cross-shape crystals as it is observed among 
the KCl and KBr crystals. Higher surface tension, 
higher saturation concentration and low crystallization rate 
favour the formation of circular droplets. The last two 
factors delay the crystallization process and provide longer 
time for surface tension to round off the droplets. But, 
since the surface tensions and the saturation concentrations 
of NaCl and KCl do not differ very much, it may be 
concluded that the crystallization rate of NaCl is much 
slower than KCl and the rates of crystallization in <100 > 
and <110> directions are not markedly different for NaCl. 
Rapid crystallization for KCl and KBr does not provide 
enough time for surface tension to round off the droplets. 
Therefore, crystals with different shapes are observed. Figs. 
(21a) and (21b) schematically show three different crystal 
shapes and their corresponding droplet shapes at the beginning 
of crystallization, respectively. From what has been said 
about the properties of the crystals of different alkali 
halides, it seems that the studies of the crystals produced 
in the holes of perforated carbon film can provide useful 
information. Thus the method can be complementary to other 
methods of studying the growth of crystals from the solution. 
There are features of the technique which are potentially 
valuable, for example, since the crystals are formed in the 
holes the effect of the substrate on most of a crystal/ formed
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Figs. (21a) and (21b) Some of the KCl or KBr 
crystals and their likely droplets at the beginning 
of crystallization.
inside the hole Is negligible. In other words the crystals 
are formed almost in free space. The large number of crystals, 
in each'grid, which have been produced in the same conditions, 
makes it easy to observe any common property of the crystals. 
Because of their electron transparency (in most cases) it 
might be possible to correlate the internal structures of the 
crystals with their shapes, on an electron microscopical scale.
VII Application of the Crystals as Transparent Substrate 
for Nucléation and Growth Studies.
As was mentioned in chapter one, electron transparent 
substrates are invaluable in many ways in the study of 
nucléation and growth. But there are several features which
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enhance the potential of the crystals of the present work as 
substrate :
a) Since these crystals are not located on an amorphous 
film, they are more transparent than similar crystalline 
substrates which are on the support film. This is not 
only because one can do without, say, 15 to 20nm carbon 
film which is very important by itself, but, the lack
of ordered structure in amorphous materials gives rise 
to a considerable background scattering of electrons in 
the electron microscope which reduces the contrast of 
the observable features in the specimen (in 
monocrystalline materials the mean free path of electrons 
is much more than in amorphous materials) .
b) Having two free faces, these substrates provide unique 
possibility for growing films on the both sides of the 
crystals simultaneously or one at a time, to observe if 
there is any relation between the nuclei on the both 
sides of the crystals. This is of considerable value
in establishing the effects of long range influences
(15)on epitaxial overgrowth. According to G.I. Distler  ^ , 
the range of these influences can be as long as 150 nm, 
therefore in a crystal with a thickness say, less than 
200 nm the long range influence should affect the 
nuclei at both sides.
c) The new technique is practically easier than the techniques 
discussed in section I, and its reproducibility is 
remarkable.
A point worth mentioning is: since freshly cleaved or 
vacuum cleaved substrates are used frequently nowadays, it 
might be thought this is a disadvantage for the crystals of
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the new technique, but, as will be shown in Chapter 5, alkali 
halides very easily grow epitaxially on alkali halide substrates 
Therefore one can get fresh surface of alkali halide by 
depositing a layer of the same substance as substrate before 
growing the subject film.
To give some examples of film growth; a series of 
experiments have been carried out depositing gold on KCl 
substrates. Thin films of gold, deposited at different 
temperatures, on the crystals, usually do not show particular 
features. On some crystals, the gold crystallites are along 
the lines parallel to <110> directions. Crystals with 
spirally decorated lines of gold, which are seen in decorated 
bulk NaCl crystals, are not observed here. Figs. (22a) 
and (22b) are respectively micrograph and diffraction pattern 
of a thin film of gold on one side of a KCl crystal. Figs. 
(23) and (24 3, are micrographs of gold deposits on both
sides of KCl crystals. The thickness of gold on both sides
is almost the same and, the both sides have been decorated 
simultaneously. The smaller gold crystallites near the edge 
of the substrate crystal in Fig. (24) indicates that the
edge of the crystal is curved and, perhaps, not smooth. In
Fig. (25a) a thicker film of gold has been deposited. It 
is interesting to see that the gold crystallites on both sides 
of the crystal are along the lines parallel to <110> direction. 
Also it can be seen that the decoration at the two opposite 
edges differs considerably.
# # ♦  • *
Fig. (22a) Fig. (22b)
; *illi
Fig. (23) Fig. (24)
Figs. (22a) and (22b)—  A thin deposit of gold on one side of 
a KCl crystal and the corresponding diffraction pattern.
Figs. (23) and (24)^ Gold deposits on both sides of KCl 
crystals. (Temperature 2500 ).

Fig.
g
Fig. (25b)
Figs. (25a) and (25b)— Gold deposits on both sides of a 
crystal and the corresponding diffraction pattern. 
(Temperature 250C ).
KCl
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CHAPTER THREE
Instrumentation
In this chapter the devices that have been designed 
and used throughout the work are described. The devices 
are:
1. A transport chamber which permits the transfer of a 
specimen from the vacuum system into the electron 
microscope without exposing to the atmosphere.
2. Two special substrate heaters; one suitable to heat
the substrates which are transferred into the microscope 
by means of the transport chamber, and the other for 
heating the substrates on both sides of which films 
can be grown simultaneously.
3. A special substrate holder which .is used with the 
second heater.
*
1. The transport chamber
In the transmission electron microscopical studies of 
nucléation and growth of matter from the vapour phase, the films 
prepared by conventional methods are bound to be exposed to 
the atmosphere in the process of stripping them from the bulk 
substrates or transferring them from the vacuum system into 
the electron microscope. Thus for the transmission electron 
microscopical studies of the materials which react with the 
atmosphere, or are hygroscopic, it is vital to eliminate 
the effect of the atmosphere. One way of dealing with 
this problem is to grow films on electron transparent
*
The author is very grateful to R. May, M. Thyer and 
T. Tedder for their contribution in designing and making 
of the device.
55
substrates inside the electron microscope , in situ growth.
This method has been used by several workers^^^, to observe
the structural changes of deposits during the deposition.
Although this method has unique advantage from the latter
point of view, there are several limitations which make it
difficult to grow filmsunder different conditions. For
example, the pressure inside the conventional microscope is
usually much higher than the pressure inside the ordinary
*
depositing system. Also the very confined space inside the 
microscope restricts the choice of type, angle and distance 
of the evaporating system with respect to the substrate. In 
the long term there is also the possibility of contaminating 
the microscope, which can affect its performance.
Another way of protecting the reactive film from the 
atmosphere is to cover the film with a non-reactive, preferably 
amorphous, film before exposing it to the atmosphere. The 
main problem with this technique is that the protective film 
increases the overall thickness of the specimen, causes poor 
visibility, lower contrast and resolution, which are vital 
in the observation of the early stages of nucléation and 
growth.
In orfier to overcome these difficulties a device has 
been designed which enables to transfer the specimen from a 
vacuum system into an AEIEM6 electron microscope.. The 
device, or "transport chamber" consists of a cylindrical 
stainless steel box which ends in a square plate at one end, 
Fig. (1). There are two 0 rings, with different diameters 
fixed on the plate round the circular opening of the box and
* This problem can be overcome by designing a special specimen 
chamber for the electron microscope and using vac-ion pump.
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the other end of the box is closed. The open end of the box 
can be closed by a stainless steel disc shaped lid,which is 
fixed at the ends of two parallel bars passing through two 
holes which are provided at the closed end of the box. The 
lid can be moved backwards and forwards by a handle which is 
fixed at the other ends of the bars. There is a third bar • 
for manipulating the specimen holder which passes through 
a third hole at the closed end of the box. At one end of 
this bar there is a fixed double hook to receive the specimen 
holder of ibe electron microscope. At the other end of the bar 
there is a knob for manipulation of the specimen holder. The 
specimen holder can be moved back and forth, and also to some 
extent up and down,^by its manipulator. The third hole is 
located on the bisector of the line joining the other two holes, 
and it is considerably away from the centre. The 0 rings of 
the three holes ^ at the closed end of the box,are kept firm 
by a stainless steel disc which is screwed to the closed end 
of the box. To close the transport chamber firmly when it 
is necessary, a lock is provided. The lock consists of a 
canal shape piece of brass with a step-like cut near one end 
of the canal. A piece of brass which can fit loosely in the 
canal is threaded internally. There is a long screw which passes 
through a hole at the end of the canal and is screwed into 
the latter piece. To lock the chamber, the lock is put 
between the closed end of the chamber and the handle of the 
chamber's lid,in such a way that the handle locates in the step. 
By screwing the screw into the threaded piece, the lid is 
pressed strongly.onto the smaller 0 ring of the chamber. Fig. (2) 
is a schematic drawing of the transport chamber.
Fig. (1)
»
Fig. (3a)
%
Fig. (3b)
Fig. (1)— The transport chamber and its lock.
Fig. (3a)- The transport chamber fixed on the stainless steel jar,
Fig. (3b)-The transport chamber fixed on the electron
microscope.
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To transfer a specimen from vacuum into the electron 
microscope by means of the transport chamber, a stainless 
steel jar with suitable circular window is used instead of 
the usual vacuum bell-jar. The transport chamber is fixed 
to the window by four screws. At first, the chamber lid is 
pushed entirely into the jar, then the specimen manipulator 
is pushed into the jar to such an extent that when the specimen 
holder is attached, it faces the evaporating boat. When the 
deposition is over, the specimen holder is brought back into 
the chamber, then the lid is pulled back and is locked by 
the chamber lock. At this time air is let into the vacuum 
jar and the chamber is unscrewed quickly.
To instal the transport chamber in the electron microscope,
first the specimen chamber is taken out, this provides two
holes in the column of the EM6. One of the holes is closed
by a suitable window. The other one is closed by screwing
the transport chamber on the column of the microscope. The
microscope is then evacuated, and when the pressure reaches
about 10”  ^bar the chamber is unlocked and the lid is pushed
into the microscope, the specimen holder is put in its normal
*
place in the microscope. Figs. (3a) and (3b) show the transport 
chamber fixed on the vacuum jar and the electron microscope 
respectively.
To determine the pressure inside the transport chamber 
by the time it is opened into the microscope, the following 
experiment was carried out. A small cylindrical chamber 
equipped with Pirani and Penning gauges, with a valve at one 
end and open at the other,was put on the top of a stainless
* The reason why the chamber is open at this pressure will 
be explained later.
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steel jar with a suitable opening at its top, (the end with 
the valve faces the jar). The transport chamber was fixed 
on the open end of the chamber. Fig. (^ ) shows the 
arrangement schematically. The intermediate chamber was then
Fig. (4) The arrangement for measuring the pressure inside 
the transport chamber.
(1) The main vacuum jar.
(2) Intermediate chamber equipped with Pirani and Penning gauges
(3) The transport chamber.
(4) The valve which isolates the main jar.
filled with aluminium scraps' to reduce the volume of the
two chambers almost to that of transport chamber. The two
chambers were evacuated through the vacuum jar. When the
-9pressure reached to 10 bar i.e. normal working pressure, 
the valve was closed and air was let into the jar. The 
pressure in the transport chamber was then recorded as. a 
function of time. In Fig. (5) the resulting graph is shown.
Pressure 60
(c> — .
Minutes
Fig. (5) The graph of pressure inside the transport chamber
versus the time.
According to Fig. (5)? after about thirteen minutes the 
pressure rose to. 5 x 10 ^ bar. The time taken from closing 
the transport chamber fixed to the vacuum system to opening 
it inside the electron microscope at 10"^ bar is about ten 
minutes. Thus the pressure inside the transport chamber when 
it is opened into microscope is less than 5 x 10"^ bar, which 
means that the effect of the atmosphere is reduced by factor 
of lO^times. As Fig. (4) indicates the leakage rate into 
the system of two chambers is likely to be much greater than 
that into the transport chamber alone. It is therefore 
expected that the increase .in the pressure of the transport 
chamber would be slower than that shown in Fig. (5)-
It may be argued that a pressure of the order of 10^ bar 
is not low enough for highly reactive materials. But this 
is not a serious problem. One could easily modify the chamber 
by attaching an auxiliary pump to reduce th.e pressure still 
further. Several useful modifications are also possible: for
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example, a useful modification is to design a transport 
chamber which can be installed in the electron microscope 
without breaking the vacuum of the microscope entirely. This 
modification saves time, provides lower pressure and also 
prevents the microscope from being contaminated, because of 
frequent breakage of the vacuum. Another useful modification 
is to provide a valve on the transport chamber for post 
deposition treatment with gases. After isolating the chamber 
from the vacuum system, the reactive gas could be let into 
the transport chamber without affecting the apparatus inside 
the jar.
The following two chapters, which concern transmission 
electron microscopical studies of alkali halide deposits 
on transparent . substrates, are two examples of the usefulness 
of the transport chamber.
II. The Substrate Heaters
Two special substrate heaters have been designed and 
used in the present work. The first heater, which is used 
to heat the substrates that are transferred by the transport 
chamber, consists of a cylind rical tube of quartz with 
many small bridges of the same material, which are welded on 
the external surface of the tube in arrays parallel to the 
tube axis. The heater is supported by a narrow quartz tube 
which is welded to the heater tube near the middle. A steel 
bar which is partially fitted in the support tube, provides 
easy and safe installation of the heater at any height inside 
the vacuum jar. The tube is wound with nichrome wire of 
diameter of 0.5 nmi. The wire is passed through the bridges 
round the tube to avoid short circuits. A steel foil encloses 
the heater tube as a radiation reflector. Fig. (6a) is a
IFig. (6b)
Fig. (6c)
Fig. (6a)— The heater used to heat the substrates which are 
transferred by means of the transport chamber.
Fig. (6b)— The heater which is used for simultaneous deposition 
on both sides of the crystals.
Fig. (6c) — The electron microscope grid holder.
ï
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Fig. (7a) The substrate heater which is used in conjunction 
with the transport chamber.
(1) The quartz bridges (2) The nichrome wire
(3) Quartz support (^ ) Metal handle.
Fig. (7b) Heater for simultaneous 
evaporation on both sides of the 
electron transparent substrates.
(1) The quartz bridges
(J) Window
(5) Metal handle
(2) The nichrome wire 
(^ ) Quartz support
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photograph of the heater and Fig. (7a) shows its sketch.
When the heater is suitably fixed inside the stainless 
steel jar, described in previous section, it is easy to 
transfer the specimen holder to and from the transport chamber 
into the heater with the manipulator of the specimen holder.
To determine the temperature of the specimens in the
* *
heater a thermocouple , T^T^ (T^ and T2 stand for
(Ni - Cr and Ni - Al respectively), was fixed to the specimen 
holder in the position of the specimen. At the normal working 
vacuum pressure, the current of the heater was increased in 
steps allowing sufficient time at each step for an equilibrium 
voltage reading. (About 4-0 minutes was sufficient for each 
step of 0 . 5 A current to reach to a fixed reading). The
results of the experiment are shown in Fig. (8).
12-
]0-
2 -
K/Ù
Fig. (8)—  T^Tg Thermocouple output versus heater current.
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As we saw in Chapter Two,the electron transparent alkali 
halide crystals produced in the holes had two free faces 
available, as substrates for deposition. A heater was therefore 
made which allowed simultaneous deposition on both faces of 
the crystals. This heater consists of a cylind ,rical tube 
of quartz with two facing rectangular windows. The external 
surface of the heater is evenly covered with small bridges 
of quartz similar to those on the other heater. The heater 
support is again a .narrow quartz tube which welded to the 
middle of the main tube in the direction normal to the 
plane passing through the two windows. The nichrome wire of 
diameter 0.5 mm is passed through the small bridges parallel 
to the tube axis and a metal foil is used as a;^ radiation 
reflector. Fig. (6b) is a photograph of the heater and Fig. (7b) 
(page 6 2 ) is a schematic diagram.
In the evaporating system the heater is placed between 
two evaporating filaments which face each other through the 
windows of the heater. Several electron microscope grids 
with electron transparent substrates, are held on a special 
grid holder (which will be described later), midway between 
the two windows of the heater^ ^  that the simultaneous deposition 
can be carried out.
III. The Grid Holder
The grid holder which is designed for use with the heater, 
consists of a rectangular stainless steel plate with exght similar 
holes’ on two lines parallel to the larger side of the plate.
The walls of the holes are sloped, considerably, and the 
diameter of the lower end of the holes are smaller than the 
diameter of the electron microscope grid. Thus, when the 
grids are put in the holes they remain stable in their places.
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and when they are heated the expansion moves them up along the 
sloped walls of the holes, without bending them. The specimen 
plate is fixed with screws on two stands of pyropl:^lite. The 
stands are thick rectangular plates with one rather curved 
side. The curved sides of the stands match the curvature of 
the heater tube. The stands are baked before being used.
Fig. (6c) is a photograph of the grid holder and Fig. (10) is 
a sketch.
C3)
2 Ctrl C^)
Fig. (10) Ca) Plan view.
(1) The holes
(3) The metal plate
(b) Side view.
(2) The pyrophÿlite stand
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CHAPTER FOUR
Transmission Electron Microscopical Studies of Nucléation 
and Growth of some Alkali Halide Crystals from the 
Vapour Phase and Solution, on Substrates of Mica.
I. Introduction
Nucléation and growth studies of alkali halide crystals 
are very important from two points of view. Firstly, because 
alkali halides include a large number of materials which are 
extensively used in industry and scientific research, such 
studies can provide information which may be useful in 
producing crystals with desired qualities. Secondly, most 
of the published work on epitaxial growth, especially from 
the vapour phase, deals mainly with the growth of noble metals 
and, to a limited extent, semiconductors, therefore nucléation 
and growth studies of alkali halideg ,which are ionic materials, 
can provide additional information about epitaxial growth 
in general .. For a better understanding of the important 
parameters involved in epitaxial growth it is necessary to 
study materials with different types of atomic bindings.
In the literature very little work has been reported 
on the growth of alkali halide crystals from the vapour phase.
A very detailed and comprehensive study of the subject, which 
has been quoted in literature frequently, has been carried 
out by L.G. Schulz, ^ . In his work, reflection
electron diffraction was used and the reported results were 
based on the interpretation of reflected patterns. The 
transmission electron microscopy, which can provide valuable 
information about features, such as size, shape and density
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of the deposit crystals, has rarely been used. In the latter 
case also, mainly the replica .techniques have been used and, 
most of the works deal with thick deposits and large crystals 
formed at high temperatures^^ . - Therefore, there êj-e no
detailed transmission electron microcopic studies of the 
early stages of the nucléation and growth of these materials. 
However, since most of the alkali halides are hygroscopic, it 
is vital in any study of the crystals grown from the vapour 
phase to avoid the effects of the atmospheric water vapour.
By the use of the transport chamber discussed in the previous 
chapter, and the electron transparent substrates, transmission 
electron microscopy of the alkali halides has been made possible
II. Experimental Preparation and Procedure.
The following method has been used for the preparation 
of electron transparent substrates of mica. A foil of 
several square centimetres of mica (muscovite) is cleaved to 
get a fresh surface and is cut at a small angle with respect 
to its surface by means of a sharp knife. A wedge is thus 
produced along one side of the foil. By using a knife and 
a. pair of tweezers at the wedged side of the foil very thin 
flakes are separated from the freshly cleaved surface. Some 
of these thin flakes appear coloured, due to interference, 
especially near the edges. Usually flakes with bright colours 
have areas which are transparent to the electron beam of the 
electron microscope. A piece of such a flake is cut from the 
most coloured part and is sandwiched between two electron 
microscope grids. Since very transparent areas are usually 
found near the edge, it is better to cut pieces in such sizes 
that a large part of the edge can be observed in electron
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microscope. Then the sandwich is carefully put inside the 
electron microscope specimen, holder which,in turn-is hung 
on the hooks of the specimen manipulator in the transport 
chamber which is fixed on the jar of the deposition system. 
After deposition of the object material, the specimen is 
transferred from the vacuum system into the electron microscope 
The depositions have been carried out under the following 
conditions:
1. Residual gas pressure, during the deposition, less 
than 10"^ bar.
2. Room temperature 20C°.
3 . Deposition rate less than 1 nm/ÿec.
Two series of observations have been made. In the first
series the alkali halide deposits have been observed in the
electron microscope without being exposed to the atmosphere.
The crystals of this series are referred to as the crystals
grown from the vapour phase. In the second series, the alkali
halide deposits have been exposed to the atmosphere before
being observed in the electron microscope. A hygroscopic
alkali halide deposit absorbs water from the atmosphere and
forms a solution. Inside the electron microscope the water
*
evaporates and recrystallization occurs . Therefore the 
crystals of this kind of experiment are referred to as the 
crystals produced from solution. This method of preparing 
alkali halide crystals from solution was used by Schulz for 
the first time.
The materials that have been used in the present work are
* It has been established experimentally that deposits up to 
10 nm thick from the used materials, except, perhaps LiF 
dissolve in the atmospheric humidty.
LiF, NaF, Nad, KCl, KBr, KI . and Rbl.
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III. Observations
The transmission electron diffraction pattern of a thin 
foil of mica taken with the incident beam normal to the 
cleavage plane, appears as an array of spots with six-fold 
symmetry (Fig. (1)). The directions <0A> and <0B> in Fig. 1,
Fig. (1) Spots with 
six-fold symmetry 
resemble the transmission 
electron diffraction of 
mica
# « é
• #
which connect the centre of the diffraction pattern to the 
first and the second nearest diffraction spots respectively, 
will be referred to frequently.
Epitaxial growth is observed for all the materials that 
have been used except for NaF. Their diffraction patterns 
indicate that the ^lllj directions of the overgrowths are 
normal to the surface of the substrates Figs. (2a) and (2b).
In the case of LiF grown from vapour or solution, faint spots 
due to .111', 222v and 240% .reflections are also observed.
Fig. (3)*. Also the latter spots are sometimes observed in 
the NaCl crystals grown from solution. Fig; (40.
* Here { } stands for all equivalent planes while ( ) 
stands for a particular plane.
Fig. (2a) Fig. (2b)
Figs. (2a) and (2b)— Diffraction patterns from LiF and NaCl 
on mica with [lllj directions normal to the substrates.
Figs. (3) and (4) —  Diffraction patterns from LiF and NaCl 
which show reflections due to [211] directions normal to 
the su bs tra tes.
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The diffraction spots due to {220} reflections in 
LiF are along <0A> directions, while for other materials 
these spots are along <0B> directions. Figs. (2a) and (2b) 
respectively. The {222} reflections of LiF q)pear along 
<0B> directions, while in the case of NaCl these reflections 
are along <0A> directions. The diffraction spots of LiF 
are not really round points , but small arcs with an average 
angle of 8 degrees. The diffraction spots of NaCl deposits 
grown from vapour are also arced with an average angle of 
9 degrees. But when the crystals are grown from solution, 
each arc-shaped spot splits into two spots which are not along 
any crystallographic direction of the substrate. Fig. (5).
The arc joining the centres of the two spots is about 4 degrees. 
The diffraction spots of the remaining materials are 
almost round.
Unexposed deposits of alkali halides of different 
thicknesses have been examined in the electron microscope with
the intention of observing the shape and the size of the 
crystal grown from the vapour phase, but in no case satisfactorily 
resolved crystals seen. It has, however, been observed that 
when a rather thin deposit of alkali halide is irradiated 
by an intense electron beam in the electron microscope some 
structural changes occurs, and it seems that recrystallization 
happens, forming larger crystals Fig. (6). On the other 
hand, when thin deposits of the material are exposed to the 
atmospheric moisture before being observed in the electron 
microscope, crystals with very clear geometrical shapes 
are normally seen, except for LiF. The crystals of 
NaF mostly appear as squares and rectangles in two dimensions 
Fig. (7)» ■ In the micrographs of NaCl deposits, most of the 
crystals appear as equilateral triangles and also there is
/ M i  /
Fig. (5)
Fig. (7)
Fig. (5)— Dif.fraction pattern from a NaCl deposit exposed to 
the atmosphere, showing double diffraction spots.
Fig. (6) A deposit of KI after being irradiated by the 
electron beam in the electron microscope. (Deposit thickness 
^ 6 nm).
Fig. -(7) — A NaF deposit on mica, exposed to the atmosphere 
(exposure time 10 minutes).
A v
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a considerable number of rectangular shaped crystals in some 
cases, Fig. (8). The crystals of the remaining materials 
generally have triangle shapes Fig. (9).
There are two kinds of triangles in the micrographs of 
the crystals. One kind is rotated 60°, in the plane of the 
substrate, with respect to the other. The rotation angle 
varies by a few degrees for NaCl crystals. The number 
of triangles of each kind varies from substance to substance 
and also, for the same substance, can vary considerably from 
place to place. The triangles either have sides parallel to 
or at an angle of 30 degrees with the cleavage steps of the 
substrates. Again, these two angles vary within a few degrees 
in the case of NaCl.
IV. Discussion
A brief review of the structure of the mica is helpful here
/ o \
According to W.W. Jackson and J. West, . mica (muscovite) is 
a monoclinic mineral with the following crystallographic 
characteristics
a = 0 .5 1 9 nm b = O.9OO: nm and c = 2.010 nm
B = 95°. 11' C2J1 = Cl/c.
KAlgCAlSioO^ p) (0H)2 Z = h
Here Z is the number of times the formula unit is contained 
in the unit cell.
The generator sheet of mica can be considered as a 
hexagonal network which is produced from linked tetrahedra. 
Each tetrahedron consists of one silicon atom and four oxygen 
atoms. A unit cell of the sheet contains four silicon and 
ten oxygen atoms (Si^O^g). Some of the silicon atoms can
sM ïH f"
Flg. (8)
m
A
F
Fig. (8)—  A deposit of NaCl on mica exposed to the humid 
atmosphere for 10 minutes, (deposit thickness ^ 1.5 nm).
Fig. ( 9 ) A KI deposit exposed to the atmosphere for 
30 minutes. (Average thickness 9 nm).
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be replaced by metal atoms. In muscovite ^  silicon atoms 
tre replaced by Al. Fig. (10) shows the projection of a 
hexagonal net of linked tetrahedral groups on a plane parallel 
to a and b. In muscovite pairs of these sheets are placed 
together with the vertices of their tetrahedra pointing inwards.
Fig. (10) The projection of a generator sheet of mica. The 
unit cell of the sheet is shown by broken line.
• silicon, Q  oxygen and (HP hydroxyl
These vertices are cross-linked by Al atoms firnily. Thus 
a foil of muscovite is a succession of such doub^ le sheets 
with potassium placed between them. The binding
between the double sheets is not strong, which permits easy 
cleavage of the mica.
The projections of the potassium atoms on a plane 
parallel to a and b coincide with the projections of the 
hydroxyls. Since here we are concerned with the cleaved faces, 
and the potassium atoms are on the cleaved faces, the hexagonal 
net of Fig. (10) is repeated in Fig. (11), while hydro.xyls 
are replaced by potassium atoms and oxygen atoms are omitted 
for convenience. In Fig. (11) two hexagonal nets can be
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Fig. (11). The projections of potassium and silicon atoms 
of muscovite on the cleavage plane, o Potassium and e silicon
distinguished: one with silicon atoms and the other with 
potassium atoms at their vertices respectively.
Every spot of a diffraction pattern of a crystal when 
it is connected to the centre of the diffraction pattern is 
a vector in the reciprocal space with the following properties
a) It is perpendicular to a set of parallel and equidistant
planes of the crystal in the real space,
h) The length of the vector is inversely proportional to the
distance between the planes responsible for the reflection
By the use of a deposit with known lattice parameter and 
consideration of the properties of the reciprocal lattice 
vector, it has been established that each of the six nearest 
diffraction spots of mica belongs to a set of parallel planes 
with separation of 0.45 nm in real space. The planes which 
pass through the potassium atoms and are perpendicular to the 
sides of tKes ill con network satisfy such a condition. Similarly,
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it is found ,the planes which pass through the silicon atoms 
perpendicularly to the sides of the potassium network with a 
separation of 0.26 nm are responsible for the second six 
nearest diffraction spots of mica. Thus it is concluded the 
directions <0A> and <0B> in Fig. (1) are perpendicular 
to the potassium and silicon networks respectively.
In the light of what has been said so far, it is possible 
to discuss the atomic arrangements of the alkali halide 
deposits with respect to the atomic arrangement of the substrate 
of mica.
For those alkali halides which grow epitaxially on the 
substrate of mica with |^lllj directions normal to the 
cleavage plane; the first six diffraction spots belong to the 
sets of {220} planes. These planes are normal to the (111) 
plane and the cleavage face. In the triangle of Fig. (12) 
which is a section of a (111) plane bounded to a unit
cell of an alkali halide with the NaCl structure, the broken 
lines are the inter sections of some 22 0! planes with (111) 
plane.
Fig. (12) A unit cell of a (111) plane of an alkali halide 
with NaCl structure. The broken lines are the traces of 
{220} planes.
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Now in the case of LiF the {220} diffraction spots are 
along <0A> directions (Fig. (1)), which implies that the 
{220} planes of LiF crystals should have been parallel to 
the sides of the potassium hexagonal net. In other words, 
the sides of the triangle representing the unit cell of a 
(111) plane in LiF should have been parallel to the sides 
of the hexagons' of silicon atoms. A possible configuration is 
shown in Fig. (13a)*. An equivalent configuration%obtained 
by rotating the triangle in Fig. (13a) 60° in its plane.
b
Fig. (13) Possible atomic configurations of some alkali halide
crystals with respect to the atomic" arrangement of the substrate 
of
Fig. (13a) For LiF and
Fig. (13b) For KCl, KBr, KI and Rbl.
# Silicon atom, Q  Potassium atom and &  overgrowth atom
An alternative to the configuration of Fig. (13a) is a 
hexagonal arrangement of LiF ions on the mica. The hexagon 
constructed by joining the middles of the sides of the smaller 
hexagon of Fig. (13a), is consistent with the diffraction pattern of 
LiF. As will be shown later, the latter is the more likely 
configuration for LiF on the substrate of mica. _________
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For the other alkali halides that have been used, 
except NaF, the {220} diffraction spots appear along 
<0B> directions in Fig. (1), therefore by rotating the 
triangle of Fig. (13a), through 30 degrees a possible 
configuration for the crystals of these materials is obtained 
Fig. (13b). In the case of NaCl grown from solution, as 
was mentioned in section III of this chapter, there are two 
series of {220} spots which appear on two sides of the <0B> 
directions of Fig. (1). Therefore the sides of (111) 
triangles in this case, are not exactly‘parallel to the sides 
of the potassium hexagon, and four equivalent configurations 
are conceivable. In Fig. (14) two possible configurations ■ 
are seen,the other two will be obtained by rotating the triangles
Fig. (Ih). Two possible atomic configurations for NaCl 
crystals grown on substrate of mica, with respect to the 
atomic arrangement of the substrate. ^ , q and 0  stand 
for silicon, potassium and overgrowth atoms.
of Fig. (14) 60° in their planes. These kinds of configurations
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are quite in agreement with the observation. As was mentioned 
before, the sides of all triangular shaped (in two dimensions) 
crystals grown from solution are not quite parallel and make 
angles of few degrees with each other.
Another point about NaCl crystals grown from solution 
on the substrate of mica is that the diffraction spots 
due to 222,, ,111 and .240 reflections are sometimes 
observed. A close study of these spots shows that they belong 
to the orientation of{^21l] normal to the substrate. The 
indexed diffraction pattern of this orientation is drawn in 
Fig. (15). As Fig. (15) shows, there are only two .222' 
reflections in this orientation. These reflections are entirely 
along the <0A> directions of Fig. (1). Since there are three 
equivalent <0A> directions on mica there will be three 
equivalent configurations for - (211) planes of NaCl crystals 
with respect to the substrate. In Fig. (16) one of the possible 
configurations is shown. The angle between the [^ 11]] and jj240^  
directions in Fig. (15) is about 40 degrees: this means one can
Fig. (15) The indexed 
diffraction pattern 
drawing of (211)
orientation of the # • nO
o%^ ooo
crystals with NaCl 
structure. The smaller 
spots can only be observed 
when the atomic scattering ^__ #
ill m ii3
factors of the ions are 
considerably different.
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expect two 2^0< reflections within the two successive <0A> 
directions on the mica, with a separation of 20 degrees.*
The diffraction pattern of Fig. (17) shows these reflections 
clearly.
\
^----- (
Fig. (16) A possible configuration of a (211) plane of 
NaCl crystal with respect to the atomic arrangement of the 
mica. The solid and the dashed hexagonal nets respectively 
represent potassium and silicon atom nets in mica. The 
atoms in the central row are different from the rest.
Since NaCl crystals with (211) orientation are 
observed occasionally and only when the deposit is exposed 
to the atmosphere, the atmospheric humidity was suspected 
as the cause. Thus, a series of experiments were carried out 
by.exposing NaCl deposits of different thicknesses to-different 
amounts of water vapour. This was done by exposing the , 
specimens to the vapour of hot water for different times, of 
order of seconds. The electron microscopic observation
* There are three (211) configurations and each configuration 
gives rise to four /2^ -0 j reflections making altogether 12 such 
reflections. Thus in every 60 degrees of arc two such reflections 
should be seen.
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result is as follows. For very thin deposits, less than 1 nm, 
at atmospheric humidity less than 90%, the crystals mainly 
have (111) orientation. By condensing smaller amounts of, 
water vapour on the NaCl deposits or at higher humidity, 
crystals with (211) orientation are formed. Further increase 
in condensation of vapour leads to crystals with (001) 
orientation. An increase in the thickness of the deposits 
causes these transformations to occur at lower levels of 
vapour condensation. This indicates that the size of the 
crystals which are going to form, after the evaporation of 
water inside the microscope, is important. Fig. (l8) is a 
diffraction pattern of a NaCl deposit which has been exposed 
to the vapour of quite hot water for a second or two. The 
spots on the first ring belong to the {200} reflections. 
Reflections due to (211) and (111) orientations are also 
present. Thus there is no clear separation between (111) 
and (211) and (OOl) stages. But when the condensed water 
is visible the crystals are mainly in (OOl) orientation,
(Fig. (1 9)). From the diffraction pattern of Fig. (I8 ) it 
can be seen that there are quite a few {200} reflections 
which indicates that the orientation is almost random.
In Fig. (1 9) all crystals have their ["OOlQ directions normal 
to the substrate, while their azimuthal orientations look 
random. It is worthy of note that in some cases the crystals 
with (001) orientation appear on parallel lines. Fig. (20). 
The latter point has also been observed for KCl crystals.
Fig. (21). The micrographs of Figs. (I8 , 19, 20 and 21) 
belong to the deposits which have been exposed to intense 
water vapour. Thus it is concluded that when the film 
thickness of the KCl or NaCl solution on mica is 
increased the influehce of the substrate is reduced.
ï f  - '
Fig. (17) Fig. (18)
Fig. (19) Fig. (20)
Figs. (17) and (l8) — Diffraction patterns from NaCl  ^
deposits on mica, showing reflections due to F211] and [OOlj 
directions normal to the substrates.
Figs. (19) and (20)— NaCl deposits exposed to water vapour. 
Crystals with (001) orientations are observed.
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This explains why R o y e r f a i l e d  to produce epitaxial 
overgrowths on mica from the solutions of alkali halides 
with large mismatches. He used thick films of solution 
because of optical microscopy and^-ray crystallography.
The described effects of the water vapour on NaCl 
deposits can be explained from the energy point of view 
in the following way: In the nucléation and growth process
ran. alkali halide crystal tends to develop to the form 
with the lowest possible surface energy, that is, with 
{100} surface planes. (This is particularly marked for 
NaCl, as was mentioned in Section Ill^Chapter two, the 
NaCl crystals grown inside the holes of perforated carbon 
film have (001) orientation only). The (111) plane 
is not a very low energy surface: all the ions in such 
planes are of the same kind, therefore they can react with 
opposite ions readily. But when an alkali halide is deposited 
on mica from the vapour phase the (111) orientation is 
imposed by the nature of the surface of the substrate^ 
because the ions of the cleavage surface of mica, potassium 
and oxygen, can react with the ions of alkali halides 
strongly? Also, the atomic symmetrÿof#f%<2,cleavage 
surface is consistent with the symmetry of the (111) 
plane of the alkali halide crystals. Thus strong interaction 
between the atoms of the substrate and overgrowth limits 
the mobility of the alkali halide ions on the mica surface
According to John J. Gilman, the atoms in silicates 
are linked by bonds that are primarily ionic but also to 
a significant extent covalent, .
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and the six fold symmetry of the substrate surface induces 
(111) orientation. (As will be shown later, the fact 
that alkali halide deposits form continuous films at 
thicknesses less than 2.5 nm, supports the idea of low 
mobility.). But when the ions are given enough mobility 
(in this case by dissolving the deposit in the condensed 
water from vapour), crystals bounded by surfaces with 
lower energies are formed, and the influence of the substrate 
is reduced. To see the effect of the mobility on the 
orientation of the crystals, a series of experiments 
was performed in which the substrates were heated before 
and after deposition. In both cases, at high enough 
temperatures, crystals with (211) and (001) orientations 
are formed. The diffraction patterns of Figs. (22a) and 
(22b) were obtained from deposits about ^ nm in thick 
grown on two substrates, one which was heated to 2000° 
before deposition and the other was heated to 2000° 
after deposition.
Another point worth noting here is that, one can see 
in the diffraction patterns of NaOl deposits on mica 
the spots are arc shaped, which means epitaxy is not 
perfect. The post deposition heating was carried out for 
deposits of different thicknesses at different temperatures, 
with the intention of improving the epitaxy of the films.
It .was observed, for example, that for a deposit of about,
2 nm thickness, heating for fifty minutes or so at temperature 
less than 130C° produces no detectable change, at about 
150C° the epitaxy deteriorates, Fig. (23), and at higher 
temperatures, (211) and (001) orientations mixed with
■*V
Fig. (21) Fig. (22a)
m m
Fig. (22b) Fig. (23)
Fig. (21)- A KCl deposit exposed to water vapour, showing 
crystals with (001) orientations.
Figs. (22a) and (22b)— Diffraction patterns 
NaCl heated one hour at 200Cdeposits of 
deposition. (Tlfiickness 4 nm).
of unexposed 
before and after
Fig. (23) — A diffraction pattern from an unexposed NaCl 
deposit, heated after deposition at 15OC . (Thickness 'v 2 nm)
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(111) orientations are observed. For thicker deposits 
the above changes occur at higher temperatures.
It was mentioned in Section III that 222', lli; 
and the ,2^0 reflections are observed in the crystals 
of LiF grown from vapour or solution on mica. These 
reflections are very faint and are not easily detectable 
at thicknesses less than 5 nm. Close study of these 
reflections shows that they belong to crystals with J^21l”^  
directions normal to the substrate. But here the 
orientation of the (211) plane is rotated by 30 degrees 
with respect to the (211) plane of NaCl crystal in 
Fig. (16). In Fig. (24J a possible orientation of a 
(211) plane of LiF crystal with respect to the atomic 
network of the surface of mica, with proportional scale, 
is shown.
The effect of water vapour condensation on LiF 
deposit is not so marked as was in the NaCl case, 
presumabZy because LiF does not dissolve very easily. 
But the heat treatment effects during the deposition, or 
after, are similar to those observed in NaCl. That is, 
by increasing the temperature of the-specimen, reflections 
due to the (211) orientation become stronger, and at 
higher temperatures, the (001) orientation occurs. The 
only difference is that here the reflections due to . 200 
planes are more regular. In fact there are 12 reflections 
due to ,’.220} planes along the first and the second 
nearest diffraction spots of mica and 12 spots due to 
'20Q* reflections along the bisector lines of the latter 
directions. Fig. (25) is an example diffraction pattern
84
Fig. (24) A possible orientation of a (211) plane of 
LiF crystal with respect to the atomic arrangement of the 
mica. The solid and dashed hexagonal nets represent the 
potassium and the silicon nets in mica respectively.
of this case. Thus there are three equivalent configurations 
for the (001) plane of LiF on the substrate of mica.
In Fig. (26) a possible orientation is shown.
Comparing the results of electron diffraction 
studies of this work with the results of Schulz's work 
the following differences are noticed?
(1)
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Fig. (26) A possible orientation for a (001) plane of LiF 
on the substrate of mica. The solid and the dashed hexagonal 
nets represent the potassium and silicon atoms networks in 
mica.
1. In his work there is no indication of (211) 
orientation in the case of LiF and NaCl.
2. He has not reported double diffraction spots due to 
NaCl crystals with (111) orientation, grown from 
solution.
3. There is no mention of arc shaped spots in the case of 
LiF and NaCl.
From the brightness.of the diffraction spots, at low thicknesses
Schulz concludes that for those substances with a < 0.65 nm,o ’
which includes KB.r, large crystals are formed, even at an 
average thickness of less than 0.6 nm, by migration and 
collection of the molecules at the nucléation centres. Thus, 
for these substances at low thickness, much of the substrate 
area remains uncovered. Such large crystals with large gaps 
in between should be resolved easily in the electron 
microscope, but as was mentioned before, no such crystals were
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detected in any unexposed alkali halide deposits of various
thicknesses. Although he has concluded that for substances
with mismatches less than 10% monolayer growth occurs, he
excludes LiF with a mismatch of less than 6% in the following
way.* He claims a deposit of about 0.05 nm thick of KBr
on the substrate of mica is sufficient to change the azimuthal
orientation of LiF to that of KBr. But when the sequence
is reversed, much more LiF is needed. From this he concludes
that the KBr spreads out in a monolayer, (this contradicts
his former conclusion), and estimates a migration range of
some ten nm for the LiF molecules. In Figs. (27a) and
(27b) two micrographs of LiF deposits with average
thicknesses of 2 and 2.5nm respectively, are shown. The
deposits have been exposed to the atmosphere before the observation.
They clearly show large areas of the substrates are covered.
Considering that the condensation of water on the deposits
dissolves the substance and in the process of evaporation
of the water inside the microscope thicker crystals are
formed, one expects the unexposed deposits with the similar
thicknesses to cover much larger areas. Therefore it is
reasonable to believe that the LiF ' forms a continuous
film at thicknesses even less than 2 .5  nm which is about
six times the LiF lattice parameter.
To investigate the effect of mismatch on the thickness, 
the following experiments were carried out with NaCl.
Sodium chloride is chosen because the distance between its
It should be noticed here that the mismatch between the 
distances of alkali halide ions in (111) plane and the lengths j 
of silicon or potassium hexagonal nets are considered.
Fig. (25) Fig. (27a)
Fig. ,(27b) . 1
Fig. (25)- A diffraction pattern from an unexposed LiF 
deposit heated, for one hour at 200C , before deposition 
( thickness 'v 5 nm).
Fi^f (27a) and (27b) Deposits of LIF exposed to water 
vapour (the thicknesses and^^^nm respectively).
Fig, (29) - An unexposed deposit of NaCl heated at 150C^, 
for 4o minutes, after deposition (thickness 'v 2.5 nm).
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ions in (111) plane, a^//2 , is quite far from the lengths 
of the sides of silicon and potassium hexagonsiand it is 
almost at mid-way between similar distances of LiF and Rbl,
Fig. (28) A scale showing 
the nearest distances of 
the ions of alkali halides in 
the (111) plane, a^//2.
This scale is quoted from Schulz's 
work. The materials sepcified 
by * are used in present 
work
o. 5
L i F *
■micâ.
-Nip
-Lid 
-KF
-waci
-kcl^
— k T ^  
— m l
see Fig. (28). Thin deposits of NaCl of different thicknesses 
were heated at different temperatures for different times.
Since alkali halides can evaporate considerably at temperatures 
quite below their melting points (this fact has been used to 
produce thin alkali halide foils - see Chapter Two, Section 1), 
this process could evaporate material from the deposit or 
diffuse it over the substrate. In both cases the coverage 
of the substrate should be reduced. Fig. (29) is a 
micrograph of an NaCl deposit of about 2.5 nm thick which 
was heated for kO minutes at 150C^. One can see clearly that 
the substrate is almost covered; there are only small 
uncovered areas. When the heating time or temperature is
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increased, separated crystals are formed, Fig. (30). Thus 
it seems that the NaCl deposits with less than 2.5 nm 
thick form continuous films, and it is believed that 
this is the case for other alkali halides. The continuous 
alkali halide film at low thickness does not accord with 
the long migration range suggested by Schulz; on the contrary, 
as was mentioned before, because of strong interaction between 
the atoms of the substrate and overgrowth, it is believed 
that the migration range is very limited.
In his work Schulz has strongly emphasized that the 
mismatch between the atomic distances of the overgrowths 
and the substrate is not only responsible for epitaxial 
growth, but is responsible for different azimuthal orientations 
of LiF and the other alkali halides. However, there are 
points that can not be explained clearly by the above assumption 
For example, although the mismatch between the a^/^^ of LiF 
and KOI with the sides of the silicon and potassium hexagons 
are 6% and 16% the epitaxy for KCl is much better than 
for LiF. Also NaF, with a mismatch of about 9% with the 
smaller net of mica, does not grow epitaxially while NaCl, 
with a mismatch of about 2k% with the larger net of the mica, 
does. Another notable example is that if we assume that the ions 
of epitaxially grown alkali halide deposits occupy specific 
places with respect to the atoms of the substrates, (The 
experimental evidence of low mobility and the growth of the 
crystals in (111) orientation which is not favourable from 
the energy point of view support the above assumption) we 
will find the location of LiF molecules are not suitable 
sites if the LiF crystals are going to be bounded b^ : the 
{100} planes, (to form parts.of o.ctahedrons) as suggested
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by Schulz. To show this point it is necessary to go back
to the structure of mica. The lattice of silicates in
general and the lattice of the mica in particular, are mainly
(9)occupied by oxygen atoms . This is because the radii of 
the oxygen and the silicon ions are O.lVO and 0.0k- nm^^^^*. 
Thus the silicon and metal atoms occupy a small volume of 
the unit cell. In Fig. (31) a hexagon of mica is projected 
on a plane parallel to the silicon network in proportional 
scale.
o A
0
Fig. (3 1) The projections of the oxygen, silicon and 
potassium atoms of a hexagon of mica on a plane parallel 
to silicon network with proportional scale.
*According to this reference the radii of ions in ionic 
materials remain constant within 0.01 nm. Although the 
oxygen-silicon bond is not pure ionic the change is not very 
much: the silicon oxygen distance is 0.16 nm.
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Now according to Schulz's interpretation of the 
diffraction pattern from LiF on mica, the locations of, say,
F ions in (111) planes would have to be in positions 
similar to B in Fig. (31), which are not even exactly 
mid-way between potassium and oxygen atoms. Sites similar to 
A look more convenient and they are almost the same distance 
from each other as the ions of LiF in an (111) plane, 
but if the latter were the case, all epitaxially grown alkali 
halides would have the same azimuthal orientation. Alternative, 
and likelier, positions for the F ions are sites such as 
C, Fig. (3 1), which will give rise to the same type of 
diffraction pattern as that actually observed from LiF 
overgrowths. According to Schulz, the LiF crystals grown 
from vapour have single position, that is, all the triangles 
representing the (111) planes of the crystals can only have 
one of the two possible positions, see Fig. (13a). But 
using single positioned triangles it is not possible to 
cover the substrate, at least at low thickness (Fig. (32)), 
and we saw earlier that LiF forms continuous films at very
Fig. C3 2) Single positioned triangles
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low thickness. Schulz has assumed that the alkali halide 
crystals on mica are of the shape of tetrahedr<ii,, with three 
{100} facets, therefore he has ignored the possibility of 
the crystals ending on (111) planes paralleltpResurface 
of mica. —  Alkali halide crystals in the latter case 
have also been detected by using the replica technique 
(k- and 5)* Also in Fig. (27b) which is a micrograph of an 
exposed deposit of LiF, there is no clear indication of 
single positioning. Further evidence is that, when an NaCl 
deposit of 3 to 5 nm thick is heated at temperatures of about 
2000° for nearly two hours, after deposition, very clear 
triangular shaped crystals appear which are double positioned. 
Fig. (33). There are two interesting features in the 
micrograph of Fig. (33)«
(a) The crystals are very close to each other but they are
separated.
(b) There is a very small variation in the size.
Presumably the thermal energy diffuses* the molecules 
on the surfaces of deposits which&ns 'initially continuous.
The diffused molecules are incorporated in the planes with 
low energy, that is {100} planes. These planes which 
make tetrahedrons with (111) planes eventually separate 
the crystals from each other. Perhaps,because the process 
is slow and rather steady the size of the crystals does not 
vary very much. However, similar experiments in the case of 
LiF have always failed to reveal the described tetrahedrons. 
Higher temperatures change the orientation from (111) 
to (001) and the lower temperatures do not have any effect .
^ further point in this respect is that the solubility of
* Evaporation also is possible: in both cases the outcome
is the same.
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the LiF deposit on mica.in the atmospheric moisture or 
condensed water vapour is very low. It is true that the
solubility of LiF in water is not good, but one expects 
deposits of less than 2.5 nm to be dissolved in condensed water 
vapour, rather quickly. Fig. (3k-) is a micrograph of a 2 nm 
thick LiF deposit .after condensing a visible amount of 
water on it for four minutes. Again, it is seen the crystals 
form net-like patterns. For other alkali halides no such 
thing has been observed in any circumstances. Thus it seems 
there is a rather strong bond between the surface of mica 
and the molecules of LiF.
In the light of what has been said about the LiF 
deposit on mica it is believed that the LiF molecules do 
not form tetrahedral nuclei. Therefore, it may be reasonable 
to assume that the LiF crystals grow on the substrate of 
mica without nucléation at all. The strong reactions between 
the ions of LiF and the active atoms (oxygen and potassium) 
of the substrate incorporate the ions of the LiF onto the 
surface of mica so firmly that they hardly find the chance 
of forming nuclei. For example, the ions of fluorine with 
almost the same size as oxygen, 0.130'and G.lk-Q respectively, 
can surround the potassium ions of the substrate mica in the 
same way that oxygen atoms do. This leads to layer by layer 
growth with six fold symmetry^ Fig. (35) is consistent with 
all the evidence that are produced in this work. It appears 
that the above growth mechanism can also explain the results 
of Schulz's experiment concerning the successive deposition 
of LiF and KBr. We stated earlier in this section that, 
according to Schulz, when first LiF is deposited on mica 
and then KBr, a considerable amount of LiF is needed to
 ^»# $,
Fig. (30)
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Fig. (33)
Fig. (34)
oFig. (30)— An unexposed NaCl deposit heated, at I6OC 
for 1 .5 hours, after deposition. (Thickness ^ 2.5 nm).
Fig. (33)'” An unexposed NaCl deposit heated at 200C°, 
for two hours, after deposition. (T^ jlckness h nm).
Fig. (3k-)— A LiF deposit exposed to water vapour. 
(Thickness 'v- 2 nm).
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Fig. (35) The likely locations of the fluorine ions of LiF 
on the substrate of mica. Each potassium ions is surrounded 
by six fluorine ions. The fluorine ions are at the middle 
of the sides of the silicon hexagons # and o stands for 
fluorine and potassium ions.
convert the azimuthal orientation of the KBr to that of LiF, 
while in the reverse case (according to Schulz) a 0.05 nm 
thick layer of KBr is, effective. In the former case he 
has not given the thickness, but has reported "only after 
the substrate area was approximately one-fourth covered with 
crystals of LiF, roughly 10 nm on edge"! Now according 
to the suggested mechanism, the fluorine ions,like oxygen 
ions in mica,surround the potassium ions which are present 
on the cleaved surface, (Since the potassium ions hold the 
sheets of mica together, it is reasonable to assume that 
half of the potassium ions go with each cleaved face), and 
the missing potassium ions could be replaced by Li
94.
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ions . Until the thickness of the deposit is not more than 
one atomic layer, the structure of the surface of mica doesnot 
change very much, only that on the surface, on the tops of 
oxygen atoms we have fluorine ions. Therefore, when KBr 
is deposited onto such a thin layer of LiF, its orientation 
does not change from the case it is deposited on the bare 
mica. But for thicker deposits of LiF, the (111) planes 
are formed which provide adequate sites for the growth of 
KBr with the orientation of LiF.
According to Schulz, the alkali halide crystals, with 
mismatches less than 4%, grown from solution, on the substrate 
of mica have single angular orientation with respect to 
the surface of mica, single positioned type. To find out 
the relation between the mismatch and single positioning, 
in several micrographs of each salt the percentage of single 
positioning has been evaluated. For each salt up to three’ 
thousand triangles have been counted. The result of this 
evaluation is shown in the Table (2). According to the Table (2),
It is likely that the sites which have lost their
potassium atoms-- accommodate Li atoms not only for (111)
orientation but also for. (211).orientation. If we consider 
Fig. (24), the central row with similar atoms could be
three Li atoms. One replaced potassium and the other two
each surrounded by three oxygenq : chemically this is possible. 
The interesting thing is that the other six ions which 
could be fluorine have almost similar positions with respect 
to the oxygen atoms.
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mismatch reduces 
 ^
Salt NaCl KCl KBr KI Rbl
Single
positioning 50% 60% 65% to 90% 75%
% 70%
Table 2. The percentage of single positioning for some 
alkali halides.
although the single positioning increases with the decrease
of mismatch, the latter is not the only reason., and there
is a considerable percentage of double positioning for Rbl
with almost no mismatch. The micrographs of Fig^. (9) and (36)
show that the double positioning occurs for KI and Rbl. Since
according to Schulz for the s'e salts we have double positioning
when the crystals are grown from vapour, it seems the change
from double positioning to single positioning is not
spontaneous, and needs enough humidity. In fact it has been
observed that when the thickness of the deposit is more than
4 or 5 nm and the humidity is not very high crystals with
*
round and hexagonal shapes are observed. Fig. (37)* Thus 
it appears that the single positioning happens only when the 
crystallization is rather slow.
The last point worth mentioning in this study, concerns 
the orientation of the (1 1 1) triangles with respect to the 
cleavage steps: since the natural cleavage plane of mica 
is rectangular, the natural cleavage steps would be set of
* It can be said that in such cases the deposits are not 
dissolved entirely.
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perpendicular steps. These steps are either parallel to rows 
of potassium or silicon atoms, see Fig. (10). Now for triangular 
crystals with the orientation of NaCl on mica, the sides 
of triangles are parallel to the sides of the potassium 
hexagon. Therefore depending on the location of the triangles 
with respect to the kind of cleavage steps they can have, 
sides parallel or perpendicular to the cleavage steps,
Fig. (3 8) shows this point clearly. (The smaller' angular 
variations between the cleavage steps and the sides of 
triangleswhich are seen in the micrographs of Fig. (3%), 
are observed only in the case of NaCl. This is consistent 
with arc shaped diffraction spots of the NaCl crystals and 
even with the double diffraction spots mentioned in Section I).
Conclusions
The conclusions concerning the present work can be divided 
into two categories:
a. The conclusions which are specific to alkali halide
overgrowths on mica, which are:
1. The alkali halide deposits, from the vapour phase, 
on mica form continuous films at low thickness,
'x, less than 2 .5  nm.
2. Substrate heating, before or after deposition
does not improve the epitaxial quality of the NaCl 
and LiF deposits, but sufficiently high temperature 
(more than 200C° for deposits of 4nm or less thick) 
causes orientation changes. The (111) orientations 
change to (21 1) and (00 1).
%#
Fig. (36) Fig. (37)
m
Fig. (38)
Fig. (36) — A deposit of Bbl exposed to the atmosphere, 
showing double positioned tetrahedrons. (Thickness 2 nm)
Fig. (37) ^  A deposit of Bbl, exposed to the atmosphere, 
for 3 minutes. (Thiclmess 6 nm).
Fig. (38) — An exposed NaCl deposit on mica, showing 
the orientations of the NaCl crystals with respect to the 
cleavage steps.
V *
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3. The LiF deposit grown from the vapour phase
on mica, does so without nucléation. (This 
does not necessarily mean that other alkali 
halides nucleate on mica, and double positioning 
may be due to later stages of the growth).
4. The chemical reactions between the ions of
the overgrowths and the atoms of the surface 
of the substrate play the dominant role in the 
growth of the first few layers, physically 
suitable accommodating sites are not very 
important.
I
5. The (111) orientation of the crystals
with large mismatch like NaCl and KCl, 
grown by dissolving the deposits in the humid 
atmosphere or water vapour is limited to
the thin deposits, and low humidity. In . 
other words,, condensation of water vapour on 
the deposits of the latter crystals change 
their orientation from (111) to (001).
6. The single positioning of the (111) planes
of the crystals grown from solution, increases 
with the decrease of mismatch, but the latter 
is not the on^y reason.
7« One side of the triangles representing the
(111) planes of the crystals grown from 
solution can be parallel or perpendicular to 
cleavage steps.
b) The conclusions concerning the epitaxial growth of the 
matter in general:
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1. This work shows, there are marked differences
in the nucléation and growth mechanisms of 
alkali halides and other materials like 
metals and semiconductors. Therefore, studies 
of this kind, which have been very limited
in the past, will provide useful information 
for the better understanding of the epitaxial 
growth in general.
2. The work also shows the importance of the
electron transparent substrates in 
establishing the correlation between the 
overgrowths and the substrates.
3. The work is a good example of the potential
of the transport chamber. It shows clearly 
that the use of the electron transparent 
crystalline substrates in conjunction 
with a transport chamber will enlarge the 
application range of the transmission electron 
microscopy, to considerable extent.
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CHAPTER FIVE
Nucléation and Growth of Some Alkali Halides from 
Vapour and Solution on the Substrates of KCl
I. Introduction
In this chapter the transmission electron microscopical 
studies of LiF, NaF, NaCl, KCl, KBr, KI and Rbl on electron 
transparent substrates of KCl are discussed. The substrates 
were prepared by the new technique described in Chapter Two.
For the studies of the deposits produced from vapour phase the 
transport chamber described in Chapter Three was used to 
avoid the effects of the atmosphere.
II. Methods and Experimental Procedures
Two series of experiments have been carried out. In the 
first series, the film grown by vacuum evaporation was 
transferred into the electron microscope without exposing it 
to the atmosphere. In the second series the film was exposed 
to the atmosphere before being observed in electron microscope. 
In the following, the deposits of the first and second series 
are referred to as "unexposed" and "exposed" deposits 
respectively.
The experiments have been carried out under the following 
conditions: residual gas pressure 10“^ bar, room temperature 
(if not otherwise specified), average deposition rate less 
than 1 nm/sec. A tungsten boat was used for evaporation.
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III. Unexposed Deposits
The electron diffraction patterns of nnexposed and exposed 
deposits of the materials that have been used show epitaxial 
growth in all cases , Figs. (la) and (lb).
Unexposed deposits of different thicknesses from less 
than 1 nm to 10 nm, have been investigated in the electron 
microscope, but in no case were clearly resolved crystallites 
observed. For deposits less than 1.5 nm,only the diffraction 
patterns indicate the presence of the deposits on the KCl 
substrates and carbon support films? When the thickness of 
the deposit is more than 2.5 nm, extinction contours appear 
in many KCl crystals. For a rather thicker film , of 
about 3-5 nm, sharp variations in contrast are observed on 
the carbon support film. This can be due to crystallites 
with different orientations.
To find out at what thickness the deposits are continuous, 
deposits of LiF of different thicknesses-were heated«after 
deposition. It was observed that when a deposit of LiF about
2.5 nm thick was heated at 250C° for 1.5 hours small holes 
developed, which were usually square in shape, indicating 
that LiF forms a continuous film at a thickness less than
2.5 nm. Fig. (2a). Similar experiments with NaCl deposits 
also show that the NaCl deposits are continuous at about
2 nm, Fig. (2b). The observation of extinction contours in 
the KCl substrates covered with alkali halide deposits 
even less than 3 nm is also an indication of continuous films 
at low thickness. This range of thickness is generally less
* This is true only within the resolution power of the used 
microscope,5 nm.
Fig. (la) Fig. (lb)
Fig. (2a) Fig. (2b)
Figs. (la) and (lb)- Diffraction patterns from NaF and 
KI on KCl substrates.
Fig. (2a) — A deposit of LiF on 9.KCl crystal, heated at 
250c for 1 .5 hours, after deposition. (Deposit thickness 
'v 2 .5 nm ).
Fig. (2b)- A deposit of NaCl on & KCl crystal, heated 
at 200c for 2 hours, after deposition. (Deposit thickness 
% 2 nm).
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than a few atomic layers. This is a convincing indication 
that the alkali halide crystallites grown on the substrates 
of KCl are very flat at the early stage of growth. The dense 
coverage of the carbon support film with alkali halide crystallites 
in Figs. (2), indicates that the crystallites are also flat 
on the carbon support film (at least at low thickness).
To study the effect of post deposition heat treatment, 
deposits of NaCl of different thicknesses were heated at . 
different temperatures for about two hours, the results are 
as follows: In a deposit about 1 nm thick, heated at temperatures 
up to 130C° there is no detectable change from the unheated 
deposit. When the temperature is about 1^ -OC^ , small crystallites 
of the order of 20 nm appear on the carbon support film and 
considerably larger crystallites on the KCl crystals with
(111) orientation. Fig. (3)- There are however, no clearly 
resolved crystallites on most of the KCl crystals with (001) 
orientation. For temperatures in the region of 1700°, isolated 
crystallites are observed on some of the crystals with (001) 
orientation. Fig. (4a), but on many of them, the deposits have 
network-like pattern. Fig. (4b). For higher temperatures, 
larger crystallites are observed on the carbon support film, 
also the sides of the meshes of the networks become narrower.
When the heating temperature is more than 300C° no crystallites 
are observed on KCl crystals, but, in a number of them, 
quite sharp dark lines along <110> directions are observed.
Fig. (5)- The contrast of the lines are very similar to that 
of dislocations. Yagi and Honjof^\ have observed almost 
similar contrasts in the crystals of NaCl doped with 0.1% mole 
CaCl2 * Thus, it is likely that at temperatures of about 300C° 
some of the overgrowth material may diffuse into the substrate.
The similar heat treatment for deposits of 2 n-m thick
Fig. (3) Fie. (4a)
Fig. (4b) Fig. (5)
Fig- (3)- A deposit of NaCl on a KCl crystal with (111) 
orientation. The specimen was heated at 1^^^ for 2 hours.
Figs. (4a) and (4b)- Deposits of NaCl on KCl crystals, 
heated at I7OC for 2 hours after deposition. (Deposits 
thicknesses 'w 1 nm).
Fig. (S) A NaCl deposit- on a KOI crystal, heated at 
3C0C for 2 hours after deposition. (Deposit thickness 
^ 1 nm).
Jfïv
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gives almost the same results, and the only difference is that 
the stages of change happen at rather higher temperatures.
An interesting point is that the meshes of the network^like 
deposits often have square or rectangular shapes with the sides 
parallel to <100> or <110> directions. This indicates 
that the diffusion or evaporation of the overgrowth does not 
happen randomly. Also, it has been observed that the density 
of meshes, varies from crystal to crystal considerably and 
even on the same crystal from place to place. Fig. (6). The 
density of meshes is higher on the crystals without sharp 
boundaries and-on the crystals which have shapes different 
from square and rectangular. As will be shown later, almost 
similar network-like deposits are produced by exposing the 
deposits to the atmosphere. Therefore it seems the dissolving 
of the overgrowth is also not random.
According to the evidence given above, it is reasonable 
to assume that there are areas on the substrate crystals 
with different energies. The deposits on areas with higher 
energies diffuse and dissolve easier than the deposits on 
areas with lower energies. These areas as can be seen in Figs. 
(4b) and (7) are more or less oriented.
The network-like form of the deposit, discussed here,
supports the idea of the existence of the lattice of point
(2)defects introduced by G.I. Distler. According to him/
"The orientational effects in crystallization are not determined 
by the basic atomic structure of crystal substrates, but 
are due rather to the existence of a lattice of point 
defects in real crystals". Distler further suggests that the 
point defects which are oriented produce electrical microfields 
because of polarization bridges produced between oppositely 
charged point defects. These electrical microfields, which
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are responsible for epitaxy, have rather long range influence.
To show the existence of long range influence, he has grown 
epitaxial films of gold and lead sulphide on substrates of 
NaCl which had been covered by amorphous layers of carbon 
more than 15 nm t h i c k , I n  his recent work^^\ Distler ■ 
has shown that a deposit of AgCl on triglycine sulphate 
crystal forms a network-like pattern very similar to those 
discussed in the present work. Also he has shown that a 
similar network is formed when the substrate crystal is covered 
by an amorphous selenium layer. He concludes that the network-like 
deposits are produced by the long range influence of the 
lattice of point defects.
IV The Exposed Deposits
When alkali halide deposits on the substrates of KCl 
are exposed to the atmosphere, depending on the substance, 
the exposure time and the thickness of the deposits, the 
following major changes occur: the deposits of KCl at any 
thickness and for any exposure time, up to one hour, do not 
form visible crystallites• It is also worth mentioning here 
that the KCl deposits of different thicknesses from 0.5 to 
2 nm, were heated at temperatures up to .250C°, and in no case 
resolved crystallites or network-like patterns were detected. 
A thin deposit of KCl, less than 1 nm, on the substrate 
of KCl was heated after deposition and then was decorated 
by a gold deposib,to see the effect of the KCl deposit. The 
micrographs show no detectable difference between the 
decoration on KCl crystals with and without halide deposits. 
As one can see in Fig. (<ô) there are lines of gold crystals 
appearing across the surface without interruption. From
F ig . (6 ) F ig . (7 )
F ig . (8)
F i g . ( 6 ) -  A NaCl deposit on a KCl c ry s ta l heated a t
180C fo r  2 hours a f te r  d ep osition . (Deposit thickness  
~ 2 nm).
F lg .g (7 )  -  A NaCl deposit on & KCl c ry s ta l heated a t
200C fo r  2 hours a f te r  dep osition . (Deposit thickness  
^ 1 nm).
F ig . (8 )" -  A gold deposit on an exposed KCl deposit on
a KCl c ry s ta l.  (Thé thickness o f the KCl deposit is
less than 1 nm).
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the evidence given above, it is concluded that, there is no 
nucléation stage in the growth of KCl on the substrates 
of KCl. This also shows that the various adsorbed molecules 
and particles which are usually found on the surface of the 
substrates do not have any significant effect on the substrate- 
deposit system of KCl.
This property of KCl deposits on KCl substrates can 
be exploited to prepare substrates with clean surfaces by 
depositing some KCl material on.' KCl substrates before the 
growth of the film.
When a thin deposit of NaCl less than 1.5 nm is exposed 
to the atmosphere for a short time, less than three minutes, 
small crystallites without sharp edges are formed, and in 
most cases vermiform islands are seen Fig. (9)* For longer 
exposure times, between five and ten minutes, depending on the 
humidity, crystallites of square and rectangular shapes are 
formed; Fig. (10). For exposure time of more than 20 minutes, 
fewer crystallites are observed on each KCl crystal and 
on some crystals there are only one or two crystallites. The 
number of crystallites in the latter case strongly depends 
on the shape of the substrate crystal. ‘ When the crystal has 
a nearly square shape with straight edges, only a few 
crystallites, are seen. Fig. (11). But when the substrate 
crystal differs from square or its edges are not straight, the 
number of crystallites is considerably higher. Fig. (12).
For a long exposure time, twenty minutes or so, the 
NaCl crystallites on some of the KCl crystals are formed 
at special sites. Figs. (13a) and (13b). As can be seen in 
the latter micrographs, the crystallites are along straight 
lines parallel to <110> directions, and they have similar 
shape. The nucléation sites of these crystallites could be
'7M.
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Fig. (9) Fig. (10)
Fig. (11) Fig. (12)
Fig. (9) A NaCl deposit on a KCl crystal exposed
to the atmosphere for 2 minutes. (Deposit thickness 
'v 1 nm).
Fig. (10)- A  NaCl deposit on a KCl crystal exposed
to the atmosphere for 10 minutes. (Deposit thickness
1 nm) .
Figs. (11) and (12)- NaCl deposits on KCl crystals 
exposed to the atmosphere for 2 hours. (Deposits thicknesses
2 nm).
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the emerging points of series of screw dislocations as 
suggested by F.C. Frank^^^., It is worth mentioning that the 
KCl crystals with overgrowth crystallites similar to Fig. (I3 ) 
are not observed very often. But it seems that the crystallites 
produced by exposing a thin deposit of NaCl (about 1 nm 
thick) to the atmosphere for twenty minutes or so, usually 
nucleate at special sites such as, steps, and ^
In Fig. (1^), it can be seen that some crystallites are 
formed near the edge of the substrate which looks slighty 
thicker than the rest ,Fig. (15) also shows that the nucléation 
sites are not quite random. It is also observed that the 
density of the crystallites is usually higher along a 
particular line or lines parallel to <110> directions. Figs. (16).
When a NaCl deposit of about 2.5 nm thick on the 
substrate of KCl is exposed for two or three minutes a 
network-like film is formed. The pattern is very similar 
to that discussed before. Fig. (17). The effect of the atmosphere 
varies not only from crystal to crystal, but on a crystal 
from place to place^Figs. (l8a) and (l8b). Here also it has 
been observed that the effect of the atmosphere is strongly 
dependent on the shape of the substrate crystals, Fig. (I8a). 
Therefore it is believed that there is a relation between the 
behaviour of the substrate crystal and its geometrical 
appearance.
When the thickness of the deposit is more than nm, 
it is observed that the exposed film covers most parts of 
the substrate. This is especially so on crystals with square 
shape. Fig. (I9).
The effect of the atmosphere on the deposits of KI and 
Rbl are more or less similar to that of NaCl, Figs. (20).
But in the case of KBr the following two points are worthy
Fig. (13a) Fig. (13b)
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Fig. (14) Fig. (15)
Figs. (13a) and (13b)— NaCl deposits on KCl crystals 
exposed to the atmosphere for 2 hours, showing NaCl 
crystallites are formed at special sites. (Deposits  ^
thicknesses % 2 nm).
Figs. (14) and (15) NaCl deposits on KCl crystals 
exposed to the atmosphere for 4 hours. (Deposits'thicknesses 
'v- 2 nm).
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Fig. (18a)
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Fig. (16)—  An exposed NaCl deposit on a KCl crystal, 
showing uneven distribution of the deposit crystallites.
Fig. (17) —  A network-like film, produced by exposing a 
NaCl deposit on 2 KCl crystal to the atmosphere for a 
short time. (Deposit thickness 2 nm).
Fig. (I3a)^ Exposed NaCl deposits on KCl crystals, 
showing that the dissolving rate depends on the sitapes 
of the substrate crystals.
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Fig. (18b)
Fig. (20a)
Fig. (1?)
Fig. (20b)
Fig, (l8b)^ An exposed NaCl deposit on a KCl crystal, 
showing non random dissolving behaviour.
Fig. (19) —  An exposed NaCl deposit of ‘i nm thick which 
has almost covered the substrate.
Figs. (20a) and (20b)- Exposed deposits of KI and Hbl 
on KCl crystals. (The deposits' thicknesses 10 nm).
#
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of note:
1. The crystallites of KBr on the substrates of KCl do not 
have straight edges; their shapes also are not usually 
square on rectangular, Fig. (21).
2. The crystallites of KBr are flatter than the crystallites 
of NaCl, KI, and Rbl.
It is believed that these two points are due to the 
small mismatch between the KCl and KBr, 5^- Here 
because of small mismatch the fitting of the KBr molecules 
on the surface of the substrate is much better than other cases 
and therefore,there is more reduction in the surface energy 
of the overgrowth at the interface, and this favours the 
flat crystallites without sharp edges.
A thin deposit of LiF, less than 1 nm, exposed to the 
atmosphere does not lead to clearly resolved crystallites, 
even for exposure times of more than one hour. But the 
deposit of NaF, which dissolves easier than LIF, shows a 
network-like pattern when a deposit of 2 nm thick is exposed 
for more than 20 minutes, Fig. (22). As can be seen from 
Fig. (22), the exposed deposit has covered most parts of the 
substrate. This indicates that NaF forms a continuous film 
on the substrate of KCl at quite low thicknesses.
Conclusions
From the studies presented in this chapter the following '
conclusions are drawn: I
(a) Alkali halide deposits from vapour and solution grow epitaxially
on the substrates of KCl at room temperature.
rFig. (20c) Fig. (21)
Ig. (22)
Fig. (20c)- An exposed KI deposit on a KCl crystal,
showing nucléation occurs at special sites.
Fig. (21) — An exposed KBr deposit on a KCl crystal
(Thickness 'v 1 nm).
Fig. (22) - An exposed NaF deposit on a KCl crystal
(Deposit thickness % 1.^ nm).
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(b) The deposits grown from the vapour phase form a continuous 
film at only a few atomic layers thickness
(c) The diffusion and dissolution of the alkali, halide 
deposits on the substrates of KCl are not generally 
random.
(d) The crystallites produced by exposing the deposits of 
hygroscopic alkali halides to the atmosphere for a long 
time usually nucleate at special sites. In other words, 
crystallites grown from solution nucleate at special 
sites.
(e) There is a relation between the geometry of a crystal 
and its behaviour as a substrate.
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